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ABSTRACT
The demand for the mobile communications is growing, as is the trend for the 
introduction of new services and for these to be available over wide geographical 
areas. Satellites, due to their inherent ability to support long distance reliable 
communication, are believed to play a pivotal role in realising such systems at 
national and international levels. Until the recent past, satellites were used to provide 
a communication facility to mobile platforms that could afford to carry relatively 
heavy and complex terminals such as those in maritime use. However, many mobile 
services for aeronautical and land users have also been introduced since 1990.
Land Mobile Satellite (LMS) communications have until now been restricted to low 
data rates and geostationary orbit (GEO) satellites. Increasingly the demand is for 
integrated speech and data services. Signal propagation in land mobile conditions is 
one of the most important design considerations limiting the performance of a 
satellite based mobile communication system. In order to provide communication 
services through a viable satellite network, a proper knowledge of link degradation 
due to the mobile channel conditions is essential. In the land mobile environment, 
shadowing of the line-of-sight (LOS) signal and multipath propagation can limit the 
link performance for considerable percentages of time. Satellites in orbits other than 
the geostationary orbit have, therefore, been proposed for mid-to-high latitude regions 
in order to provide high elevation angles at the mobiles, thus reducing losses due to 
blockage, and as a result improve link margin requirements. In addition, to achieve 
world-wide mobile communications, constellations of low earth orbit (LEO) satellites 
have been proposed. However, sufficient information on link performance, under 
reduced shadowing conditions at high elevation angles, does not exist and this is 
critically important in the planning or implementation of future HEO and LEO based 
satellite systems.
The research work reported here was carried out in an attempt to extend the existing 
propagation database applicable to high elevation angle land mobile satellite (LMS) 
channel at the L-band. However, other frequencies corresponding to the S and Ku 
bands, were also included to generate data at frequencies for likely future applications 
and enable a direct comparison of propagation characteristics to be made between the 
bands. In the absence of appropriate satellite source(s), the multiband propagation 
measurement campaign was undertaken using a helicopter. The helicopter provided a 
platform which simulated the high elevation angle satellite signal. Different
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environments such as suburban, wooded and open were considered, and mobile 
measurements were made at various high path elevation angles in each environment. 
The statistical analysis of the measurement data provided useful information on LMS 
channel behaviour and its dependency on the signal frequency, elevation angle and 
the mobile channel environment. It has been observed that smaller attenuations are 
experienced as the elevation angle increases or the radio frequency decreases. 
Significant effect on the channel fading is observed due to variable amounts of 
shadowing encountered under varying channel environments. Using the results of the 
measurement campaign described in this thesis, it has been possible to propose a 
fading model for use in future planning for high elevation paths that will be 
encountered in both HEO and LEO mobile satellite systems.
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1Introduction
Throughout the late 1980's mobile communications have revolutionised the way 
people communicate with each other. The emergence of terrestrial cellular networks 
and the explosive growth in demand for such communication services left even the 
most optimistic forecasts far behind. Rapid advances in digital technology and its 
widespread use in the telecommunication networks facilitated the improvement of 
mobile systems. New services such as paging have been introduced. Communication 
satellites have made significant impact on many kinds of communication systems due 
to their inherent ability to support reliable communications over long distances. When 
it comes to mobile communications, satellites have arguably their most important role 
to play. Figure 1.1 depicts the idea of satellite based mobile communication system.
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Figure 1.1: Satellite based mobile communication system
Satellites now serve some 18,000 maritime mobile users, this service having been 
instigated since 1982. The aeronautical industry has also adopted satellite 
communication systems for both its operational and business requirements. 
Aeronautical service for public use has been introduced by Inmarsat in 1990. For the 
land mobile market, services are just beginning to be introduced. The requirement for 
mobile terminals to be compact and light weight, especially in the land mobile 
environment, has been the biggest obstacle in establishing an economically feasible 
satellite based system for such application. The satellite scenario, on the other hand 
provides the only viable solution for mobile communications in areas of thin route 
traffic, where otherwise successful terrestrial networks cannot provide adequate 
coverage.
Signal propagation through channel conditions as severe as encountered in the land 
mobile environment, becomes an important consideration in the design and 
implementation of land mobile satellite systems. Such considerations warrant careful 
study of both the channel propagation effects and their impact on overall system 
design and economic viability. As a result of many different propagation experiments 
for the land mobile satellite (LMS) applications, it became apparent that the biggest 
degradation in the LMS link stems from the shadowing of the line-of-sight signal.
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The problem becomes worse at lower elevation angles due to more frequent 
shadowing. Therefore geostationary orbit satellites do not provide an optimum choice 
for land mobile users in the extreme latitude regions, such as Europe, where the 
satellite elevation angle is low. Satellites in appropriate non-geostationary, highly 
elliptical, orbits have been proposed for mobile communications in the mid-to-high 
latitude regions. More recently low earth orbit satellites have been proposed for 
global coverage. Much data has been collected for lower elevation angles but little 
information is available for high elevation angles typically above 55°, an important 
aspect in the designs of all proposed non-geostationary orbit satellite systems. In 
addition, most of the propagation data applicable to LMS systems is restricted to UHF 
and L-band. This study was undertaken with the objective of narrowband 
characterisation of the land mobile satellite channel at elevation angles from 60° to 
zenith so as to complete the picture for LMS channel fading performance and to 
extend the database beyond L-band, into other bands likely to be used in the future.
Chapter 2 presents a brief introduction to various operational mobile satellite systems 
and likely developments. It looks back at the evolution of satellite systems for 
different categories of mobile users. Future generation systems are discussed to 
highlight the changing attitudes in this area for mobile applications.
The land mobile satellite channel is examined in detail in Chapter 3. Various types of 
channel degradation are discussed with reference to their effects on signal 
propagation and link reliability. A review of previous propagation measurement 
campaigns for LMS channel is presented. Models describing the land mobile satellite 
channel behaviour are also discussed.
In Chapter 4, channel characterisation and various sounding techniques used in 
mobile channel studies have been discussed. It; outlines the necessary data types for 
the description of channel behaviour. Depending upon the information required, 
narrowband and wideband techniques used in various mobile channel sounding 
experiments are presented.
Chapter 5 contains the details of the experimental configuration adopted for this study 
to obtain high elevation angle propagation data. It discusses the selection of signal 
frequencies used in the experiment, suitability or otherwise of various satellite sources 
to provide signal source for the measurements and issues related to the choice of an 
alternative platform in the absence of an appropriate satellite source. Communication 
hardware, antennas and data acquisition set-up used in the measurement campaign are 
described. Other considerations such as environmental categorisation and choice of 
representative routes are also discussed.
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The outcome of the study in the form of propagation data analysis is presented in 
Chapter 6. It gives the details of data processing prior to statistical analysis. The 
analysis results are discussed with reference to the effects of frequency, elevation 
angle and environment on the channel fading performance. The effect of foliage 
density on the roadside trees is also examined from the results of measurements 
carried out in two phases. Finally an empirical model, based on the regression 
analysis of the measurement data, developed to predict link margin requirement for 
average channel conditions is described. The model predicts the link margin as a 
function of frequency and elevation angle.
This thesis provides new results on the characteristics of the land mobile satellite 
channel for elevations above 50°. These results come from the only simultaneous 
multiband (L,S and Ku bands) propagation experiment known to have been carried 
out. Therefore, this allows a direct comparison of the channel behaviour at different 
elevation angles for the same environmental conditions between various bands. The 
results of the work have been published in several papers in the literature, which are 
included in the Appendix.
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2Mobile Satellite Systems -
Present and Future
This chapter describes various satellite based communication systems currently 
providing different services to mobile users. It also examines the trends for future 
systems being planned to support various mobile communication services at global 
and regional levels. The mobile satellite systems (MSS), in general, can be divided 
into three distinct groups:
• Maritime Mobile Satellite Systems (MMSS)
• Aeronautical Mobile Satellite Systems (AMSS)
• Land Mobile Satellite Systems (LMSS)
Maritime mobile satellite communication systems offer communications between 
shore or coastal earth stations (also gateways to the terrestrial networks) and the 
terminals on-board the ships, boats etc. The aeronautical systems provide 
communication links between gateway earth stations and aeronautical mobile 
terminals. Similarly land mobile satellite systems facilitate communications between 
the base stations and land mobile terminals. Mobile satellite systems were first 
introduced for maritime applications. As the technology has matured, systems for 
aeronautical and then land mobile users have been introduced. Systems for maritime 
and aeronautical applications predominantly require global coverage. For the land 
mobile systems the scope may vary to be either international, regional or domestic, 
depending upon the traffic and coverage requirements.
At the International level, Inmarsat has emerged as the major player in mobile 
communications over the years. It has until now introduced a variety of
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communication services for the maritime community since 1982. Since 1990, 
aeronautical system has also been introduced, whilst for land mobile users low data 
rate services began in 1991 and more services are planned for 1993. A number of 
national and regional mobile satellite systems are currently providing communication 
facilities to land mobile users on a limited scale. However, in future such systems are 
expected to develop into fully integrated operational systems which will, to some 
extent, also serve maritime and aeronautical users. Various operational mobile 
satellite systems and their future developments are reviewed in the following sections.
2.1 Maritime Mobile Satellite Systems
The commercial mobile satellite communications services were first provided to the 
shipping community by the MARIS AT system of USA in mid 1970’s. Inmarsat 
(International Maritime Satellite Organisation) was created in 1979, which then took 
over the MARISAT system and launched its world-wide maritime satellite 
communication system in February 1982. Inmarsat remains responsible for the space 
segment provision to support its services. Inmarsat’s current satellite coverage is 
divided into four ocean regions as shown in figure 2.1. These are Atlantic Ocean 
Region-£to (AOR-E), Atlantic Ocean Region-West (AOR-W), Indian Ocean Region 
(IOR) and Pacific Ocean Region (POR). The additional satellite from the original 
three ocean region model became necessary due to the increased traffic requirements 
and also to fill the gap between the Atlantic and Pacific ocean regions in the previous 
configuration.
To support different communication services, Inmarsat has specified various terminal 
types called Inmarsat Standards. Inmarsat space segment configuration uses C-band 
frequencies to communicate with the coastal-earth-stations (CES) and L-band 
frequencies for the mobile links. Various Inmarsat standard terminals are described 
below.
Inmarsat-A:
Inmarsat-A is the earliest and presently most used earth station in the 
Inmarsat system. It is relatively a high performance terminal operating 
at a G/T of -4 dB/K. It can support a variety of services which include 
high quality voice, telex, facsimile and medium to high speed data 
links. The feature of 'Enhanced Group Call’ (EGC), which allows 
transmission of voice, facsimile and data messages to multiple 
destinations simultaneously, is also supported by Inmarsat-A. The 
martime version of these terminals uses a dynamically driven parabolic
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antenna less than one metre in diameter, generally housed in a radome, 
and mounted high up on the ship superstructure.
Inmarsat-C:
The Inmarsat-C system provides global two-way mobile, data-only 
communication services. Its a light weight, low cost and compact 
terminal. The commercial operation of Inmarsat-C began in 1991 and 
is operating in all ocean regions. It supports, store-and-forward, data 
transfers at 600 bits/s with the terminal G/T of -23 dB/K. A number of 
other applications are being developed for communication through 
these terminals such as position and weather data reporting from 
remote sites. In maritime applications, Inmarsat-C will be used as part 
of the Global Maritime Distress and Safety System (GMDSS) [2-1].
Future Systems:
Inmarsat-M:
Inmarsat-M has been developed to provide an enhanced version of 
communication services available with Inmarsat-C. These light weight 
and compact terminals can handle full-duplex medium quality voice 
and data links. An all digital design of Inmarsat-M uses digital speech 
coder at a composite rate of 6.4 kbits/s whilst the data links operate at 
2.4 kbits/s. The maritime version of Inmarsat-M is specified to operate 
at a G/T of -10 dB/K. This system is undergoing extensive field trials 
and is scheduled to start commercial operation some time in 1992-93.
Inmarsat-B:
The Inmarsat-B is the digital successor to Inmarsat-A, and is based on 
modem digital technology in order to achieve more efficient utilisation 
of space segment power and bandwidth resources. Inmarsat-B offers a 
wide range of mainstream communication services including data, 
facsimile and safety related features whilst continuing to offer high 
quality digital voice at 16 kbits/s and telex services. The system design 
is compatible with future developments in the space segment and in 
the terrestrial networks [2-2]. The system implementation date of full 
global service is early 1993.
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2.2 Aeronautical Mobile Satellite Systems
In 1985, the Inmarsat convention was amended to include the provision of 
aeronautical services in addition to the global maritime communications. The 
agreement came into force in 1989. The demands of safety, operational efficiency, air 
traffic control and improved passenger services of the aeronautical community 
necessitated the use of reliable communications offered by satellites over the 
traditional means of communications [2-3]. Inmarsat-Aero has been developed to 
operate with passenger airliners. It provides digital voice (9.6 kbit/s) and data 
services. The commercial operations began in 1990-91. Recently Inmarsat has 
decided to modify its standard-C terminal for aeronautical use [2-4]. It will support 
text and data communications at low bit rates for personal and business messages, 
position-status and other operational information reporting.
2.3 Land Mobile Satellite Systems
In January 1989 the Inmarsat assembly produced a further modification to its 
convention and operating agreements, this time to enable the organisation to provide 
communication services to the land mobile users [2-5]. Studies [2-6], [2-7] had 
indicated good market potential in this area despite appreciable penetration and 
availability of mobile communication facilities through terrestrial cellular networks. 
Terrestrial cellular networks have been the only ones to be successful and 
economically feasible in the urban areas where traffic requirements are high. 
However, due to differing standards, global coverage has not been possible. In this 
context, the role of satellites in land mobile communications has always been 
envisaged to be complimentary to terrestrial cellular systems. Satellite 
communications to land mobile users has not been feasible until modem technology 
caused the costs to plunge and realisation of modest size earth stations became 
possible.
Nevertheless, the transportable version of Inmarsat-A has been in use for land based 
applications such as by the media reporters and occasionally in times of natural 
disaster. Similarly Inmarsat-C is also being used in a variety of data communication 
applications by land mobile users. In fact the Inmarsat-C and Inmarsat-M terminals 
are expected to penetrate the land mobile market in far greater numbers as compared 
to that witnessed in the maritime or aeronautical applications within the Inmarsat 
system. Inmarsat is also planning to launch its world-wide paging system by 1993-94.
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2.4 Domestic & Regional Mobile Satellite Systems
In addition to the global mobile satellite systems for maritime, aeronautical and land 
users provided by Inmarsat, a number of other systems have been proposed and 
developed to provide mobile communication services at domestic and regional levels. 
Amongst the satellite organisations involved in such activities are the European Space 
Agency (ESA), Telesat Canada, Mobilesat of Australia and American Mobile 
Satellite Corporation (AMSC). Most of the domestic and regional mobile satellite 
systems would exploit the market potential in the land mobile area, although some - 
systems intend to support maritime and aeronautical applications on limited scale. 
Some domestic/regional mobile systems presently in operation or planned to be 
introduced in the near future are described below.
1- European Mobile Satellite (EMS) System:
ESA is working towards a Europe wide land mobile satellite service 
which aims at providing both voice and low data rate communications 
[2-8]. 'PRODAT' is a message handling system developed by the ESA 
for land mobile applications. It transmits information at rate of 200 
bits/s differentially encoded BPSK. On the receive side the link 
operates at 50 bits/s with identical modulation scheme. The voice 
system 'EUROPHONE' has been defined to have the maximum 
compatibility with the data system 'PRODAT. The space segment for 
the EMS system is to be provided on-board Italsat-F2 satellite. It 
employs Ku-band feeder links whilst the mobile-satellite links will 
operate at L-band. The system would support public as well as 'closed 
user group' services for businesses across Europe. As yet there is no 
defined operation for the system but EUTELSAT could take on from 
this position.
2- Telesat Mobile Inc. (TMI) of Canada:
TMI is in its phase-I of providing mobile communication services. It 
has been offering two-way message communication since 1990 [2-1]. 
The two-way messaging system operates at 1.2 kbits/s using 1/2 rate 
forward error correction convolution coding and BPSK modulation. 
Phase-II services, scheduled for 1994, will be provided using TMI’s 
own satellites. It includes improved speech communication using 
digital techniques.
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3- Systems in USA:
I. AMSC System
AMSC is also in its first phase of providing mobile satellite 
communications. The services are much the same as supported by 
TMI. By 1994 AMSC plans to launch its satellites, up to three satellite 
into geostationary orbit. Phase-2 will then include circuit switched and
  1
packet switched services. The store-and-forward data service of the 
first phase will continue during the second phase. AMSC and TMI 
have a joint plan to provide collaborative coverage from a two-to-one 
redundant satellite pair of the USA and Canada.
II. OmniTRACS System
Omninet Communication Services, USA has been providing two-way 
messaging and position reporting facilities since 1988 by using in-orbit 
Ku-band satellite transponders of conventional communication 
satellites [2-9]. The system is optimised for proper operation and 
minimum interference to fixed satellite systems due to its secondary 
status. The forward link operates at about 5 kbit/s driving BPSK 
modulator. The signal is then frequency hopped to spread energy in a 
24 MHz bandwidth. The return link of about 44 bits/s, 16-ary FSK 
modulated, is spread by direct sequencing into a bandwidth of 1 MHz. 
The signal is then frequency hopped to occupy a total bandwidth of 48 
MHz. OmniTRACS is a closed user group system.
III. Geostar System
Geostar is also a two-way messaging and position reporting system 
serving mobile users over a large area in the Americas which covers 
continental United States, Central America, Mexico, the Carribeans 
and some parts of South America [2-10]. The position reporting 
service became operational in 1988 using GTE the Spacenet-III 
satellite. Whilst the messaging service started in 1989 using 
conventional communication satellites. In the position reporting 
service, a burst of 15.625 kbits/s is encoded, spread by an 8 Mbits/s 
sequence and BPSK modulated to occupy 16 MHz bandwidth. The 
mobile-satellite links operate at L-band. For two-way messaging 4/6 
GHz conventional satellite transponders are used for communications 
between the mobiles and the hub to transmit and receive information 
data at 1.2 kbits/s.
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The two services are scheduled to be integrated in the next phase by 
1993. The space segment would then use S-band frequencies for feeder 
links and L-band for mobile-satellite communication.
4- Mobilesat of Australia:
Mobilesat is Australia's domestic satellite system for voice and data 
services to land, maritime and aeronautical users [2-11]. The system 
will provide options for interface to public and/or closed user group 
networks. Mobilesat will employ AUSSAT-B satellites and is 
scheduled to start operations some time by the end of this year. The 
operating frequencies for mobile-satellite links will be in the L-band 
with feeder link frequencies in the Ku-band. Technical characteristics 
of mobile terminals would be similar to those of Inmarsat-M.
Moreover, a series of technical experiments have been undertaken for mobile satellite 
communications within Japan. The experimental programme will enter into the next 
phase with experiments involving multibeam satellite (ETS-VI), to be launched by 
1993. The Japanese domestic mobile satellite communication system is expected to 
start commercial operations by 1995 [2-1].
2,5 Non-Geostationarv Orbit Mobile Satellite Systems
The increasing demands for a variety of mobile communication services and technical 
considerations to provide such services through satellite networks have resulted in 
renewed interest in non-geostationary orbit satellite systems. For more than 20 years 
geostationary orbit satellites dominated the scene in satellite communications, 
especially in the West In recent years many different systems have been proposed for 
regional and global coverage using satellites in non-geostationary orbits to provide 
mobile services. A brief overview is presented to highlight the activity in this 
direction.
2.5.1 Highly Elliptical Orbit Satellite Systems
The highly elliptical orbit (HEO), in the form of the Molniya orbit, has been in use by 
the Russians since 1965 [2-12]. Due to the intended coverage of extreme northern 
latitude areas, such satellite orbits provided a much better solution as compared to 
geostationary orbit (GEO) satellites which do not appropriately cover extreme 
latitudes. The Molniya orbit is an elliptical orbit inclined at an angle of about 63.4°. 
The perigee and apogee of Molniya orbits lie at about 400 km and 40000 km above 
the earth's surface, respectively. The orbital period is about 12 hours. The satellite
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spends appreciable time around the apogee and appears to move only slowly with 
respect to the earth underneath. Other orbital configurations similar to Molniya have 
been proposed such as Tundra, Loopus etc. The variations in the orbital 
configurations in these cases provide differing orbital periods. Figure 2.2 shows 
Molniya and Tundra orbits. Other orbits such as low earth circular and geostationary 
orbits are also shown for comparison. In figure 2.3, a comparison of the elevation 
angle contours shows the advantage gained in terms of the higher elevation angles 
from the use of HEO for northern Europe as compared to those available in the case 
of GEO satellites [2-13]. Therefore satellites in suitable HEOs can adequately cover a 
service zone under their designed apogee at favourable elevation angles.
ESA has been supporting a number of studies looking into the feasibility of satellite 
systems primarily for mobile applications using Molniya type orbits. The concept of 
the Archimedes satellite system has evolved as a result. The system will use a 
constellation of four satellites in appropriate HEOs to provide 24 hour coverage of the 
European region. The potential provision of various services such as satellite sound 
broadcasting, data broadcasting, two-way data and voice, and personal 
communication facilities is under investigation. ESA plans European wide coverage 
through Archimedes by 1997, with possible subsequent extension to near global 
mobile satellite system [2-13].
tundra
molniya
inclined
circular geosynchronous
geostationary
(circular)
low circular
Figure 2.2: Satellite orbits
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(a) Elevation angles from GEO
(b) Elevation angles from HEO 
Figure 2.3: Elevation angle contours for the European region
2.5.2 Low Earth Orbit Satellite Systems
The consideration of the requirement of high visibility angle to avoid losses due to 
shadowing in the land mobile environment has forced low earth orbit (LEO) satellites 
into various options open to system designers [2-14]. LEO satellites for mobile and 
personal communication systems have the potential to better answer the problems of 
high downlink power requirement to simple light weight and hand-held mobile 
terminals in the presence of severe channel conditions [2-15]. The main advantage in 
using such a system configuration would be the economical power requirements due 
to shorter range distances and better visibility of the satellite, thus reducing link 
degradation due to shadowing and multipath. In addition, the signal round trip 
propagation delay will reduce significantly. However, the concept is not totally free 
of complexities. LEO based system implementation inevitably requires a constellation 
of satellites to provide continuous coverage, the number of satellites in a constellation 
being dependent upon the coverage area involved. Therefore, the overall system 
control and co-ordination can be anticipated to be complex. Similarly satellite access 
by the mobiles for setting-up communication link, and traffic hand-over between 
satellites are formidable issues of the overall system operation.
LEO satellites can provide local, regional and global communications. The mode of 
communication between the users may be real time or non-real time (delayed). 
Various configurations may be considered accordingly [2-16].
A number of mobile satellite systems have been proposed which are based on low 
earth orbit satellite constellations such as Motorola's Iridium, Loral/Qualcomm's 
Globalstar etc. Inmarsat is also in the process of putting forward its proposals to 
develop a global mobile and personal communication system using LEO satellites. 
Table I summarises various proposed mobile communication systems employing 
LEO satellites [2-17].
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System Services Total Satellites Company
ARIES Voice, Data, 
Positioning
48 Constellation 
Communication Inc.
GLOBALSTAR Voice, Data, 
Positioning
24 LORAL Cellular 
System Corp.
GONETS Data and Messaging 
(Store & Forward)
36 COSSCASP
Consortium
IRIDIUM Voice, Data 66 Motorola Inc.
LEOSAT Two-Way Data 18 LOESAT Inc.
ORBCOMM Two-Way Data, 
Positioning
18 Orbital Sciences Corp.
ODISSEY Voice, Data, 
Positioning
12 TRW Inc.
LEOCOM Two-Way Data 24 ITALSPAZIO
STARSYS Messaging, Positioning 24 STARSYS Global 
Positioning Inc.
Table I: Some proposed mobile communication systems using LEO satellites
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3
Land Mobile Satellite Channel
- Propagation Considerations
The propagation effects in a land mobile satellite (LMS) link differ from those of a 
fixed satellite service mainly due to the greater significance of local environment and 
terrain effects. These limitations are imposed on a mobile terminal communicating 
via satellite which must be of modest size and have a simple antenna. Although in a 
land mobile satellite system relatively high path elevation angle to the satellite may 
provide 'line-of-sight' (LOS) signal for most of the usage time, characteristic 
propagation degradation due to multipath and more significantly shadowing of LOS 
may severely restrict the link reliability in many instances. Figure 3.1 depicts an 
artist's impression of the propagation scenario in the land mobile satellite service. The 
received signal r(t) , at the mobile, may consist of three components
r(t) = a(x) • £(t) + s(t) + d(t) (3.1)
where
- £(t) denotes the line-of-sight signal which is subject to shadowing 
and blockage. a(x)  represents the attenuation of LOS under 
shadowing, which is usually a function of the type of obstruction in 
the signal path.
- s(t) indicates the specularly reflected component from the ground
- d(t) denotes diffusely scattered component from the immediate 
environment e.g. built-up structures, utility poles and other terrain 
features.
Specular reflections from the ground should not pose any significant problem due to 
efficient rejection of such components by the antenna pattern for most cases. a(x)  
and d(t) are major uncertainties in land mobile-satellite communication planning.
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Due to the complex nature of the propagation scenario in the land mobile-satellite 
environment, these parameters are treated as random variables.
In the following sections major propagation degradations applicable to LMS services 
are discussed. Some ionospheric effects are first examined in the context of available 
choices for signal polarisation for such systems. This is followed by a detailed 
analysis of multipath and shadowing problems with particular reference to LMS 
systems.
3.1 Ionospheric Effects
The ionosphere is a region of ionised plasma (electrically charged gas in which atoms 
are stripped of at least one electron) surrounding the Earth roughly from 50 km to 
about 2000 km above its surface. However, the most densely ionised layers exist up 
to 500 km. Therefore, for most satellite communication links, ionospheric effects on 
the signals passing through it need to be carefully studied. Propagation of a radio 
frequency electromagnetic (RFEM) wave through the ionosphere is dependent upon 
its parameters (frequency, polarisation, direction of travel etc.), and the interaction 
with the ionised constituents and the earth's magnetic field. In effect the information 
signals may experience rotation of their plane of polarisation, propagation delay, 
scintillation, absorption, and dispersion. All these ionospheric effects diminish with 
increasing radio frequency [3-1]. However, the mechanism involved in polarisation 
axis rotation will be examined in some detail as it can influence the choice of signal 
polarisation for LMS systems.
3.1.1 Faraday Rotation
A linearly polarised electromagnetic wave propagating through the ionosphere will 
generally suffer a rotation of the plane of wave polarisation. This effect is commonly 
known as Faraday rotation. The degree of such a rotation depends upon the frequency 
of RFEM wave, earth's magnetic field strength and the electron density of the plasma 
[3-2]. The electron density is expressed as Total Electron Content (TEC) which is a 
measure of the number of electrons on the path per m2 of path cross-section. TEC is 
subject to variations with geographical locations and solar activity. By definition TEC 
is given as
TEC = jN -d £  electrons/m2 (3.2)
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N= number of electrons/m2
d£= incremental path length through ionised plasma
The mechanism of polarisation axis rotation of a linearly polarised electromagnetic 
wave can be explained by considering the splitting of the wave into two orthogonal 
circularly polarised components as it enters the ionosphere. Since the phase velocities 
of the two components differ due to interaction with the ionised plasma and the 
earth's magnetic field, as the components leave the ionosphere, their recombination 
produces a rotation of polarisation axis in the plane normal to the direction of 
propagation [3-3] without any change in the polarisation sense itself. The magnitude 
of the axis of rotation is given by [3-2]
0 = J f t . ^ . cos(pBdl radians (3.3)
where
0= angle of rotation 
f= RFEM wave frequency 
N= electrons/m3 
B= earth's magnetic field wb/m2 
<pB= angle between the magnetic field and the direction 
of propagation
The polarisation mismatch loss, due to Faraday rotation and resultant antenna 
depointing, is therefore calculated as
Fm =2Ologlo(cos0) dB (3.4)
It will be noted that the rotation of polarisation axis is proportional to the inverse of 
the square of the wave frequency. Consequently the mismatch loss decreases as the 
frequency increases. For example, typical Faraday rotation values for 60° path 
elevation angle at UHF (850 MHz) and L-band (1.6 GHz), over mid latitude locations 
for 99% of a year, are about 75° and 20°, respectively [3-3]. This would result in 
polarisation mismatch loss of about 11.7 dB at UHF and 0.5 dB at L-band, indicating 
sharply reduced effect of Faraday rotation at higher frequencies. However, this loss 
can be completely avoided by using the characteristic polarisation. A characteristic 
wave traverses the ionosphere without any change in the plane of polarisation axis.
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Circular (right-hand and left-hand) polarisations are characteristic polarisations for 
the ionosphere [3-4]. As a result circular polarisation must be used for mobile- 
satellite systems to eliminate loss due to Faraday rotation and hence alleviate the need 
of antenna pointing.
Other degradations resulting from ionospheric effects include scintillation, 
propagation delay, absorption, dispersion, and variation in the direction of arrival. 
Scintillation can cause outage problems for satellite links. This effect is most severe 
in the vicinity of the geomagnetic equator and at high latitudes and least severe at 
mid-latitudes [3-1]. In any case, most ionospheric effects are well investigated for 
fixed satellite services and hence should be incorporated, where applicable, into 
mobile satellite system design to ensure adequate coverage in different regions of the 
world. In the following sections more specific problems related to wave propagation 
in the land mobile-satellite scenario such as multipath and shadowing of LOS will be 
discussed. The link margin requirement for land mobile-satellite systems are believed 
to be heavily dependent on these effects.
3.2 Multipath Propagation
Multipath propagation exists when the transmitted signal reaches the receiver over 
several different paths including or excluding the line-of-sight (LOS) path. At 
frequencies used for mobile communications i.e., UHF and above, the shift in phase 
of a reflected signal due to small path length variations compared to either the direct 
path (LOS) or another reflected component, or both, becomes significant. At thepfc£e.iit
receiver several delayed versions of the transmitted signal ^ with relative
phase shifts. When the receiver is in motion the multipath situation changes 
dynamically. Each component path length is effectively a function of the mobile 
position, therefore the phase relationship amongst various incoming waves changes. 
This introduces fluctuations in the received signal amplitude which appears to be 
varying randomly with time. Due to the receiver motion each multipath component 
suffers shift in its frequency which is proportional to the mobile velocity relative to a 
scatterer. The relationship between the dynamic changes in propagation path lengths 
and corresponding frequency shift is straight-forward. Variation in the phase of a 
multipath component arriving at a mobile terminal is a function of relative geometry 
as shown in figure 3.2 [3-5]. The incremental path length of a reflected component at 
the new mobile position is given by
A/ = S cos a  (3.5)
y  is the angle between the incoming wave and the vehicle motion. The phase 
variation is then calculated as
--------------------------------------------------------------------------------------------------■ j
* known as Doppler effect
(3.6)
using A/ from eq.3.5, A0 in eq.3.6 can be re-written as
(3.7)
where v is the mobile velocity and At is the incremental time. The frequency shift is, 
therefore, given by
All multipath components in a mobile situation experience similar effects, their 
vectorial sum produces the resultant signal at the receiver. However, in a practical 
situation, due to random variations in the individual path lengths, the resultant signal 
amplitude and phase varies randomly as well. Deterministic treatment of these 
variables, signal amplitude and phase, is therefore difficult to perform. Nevertheless, 
statistical characterisation is feasible and this approach is adopted in most channel 
evaluations for multipath effects.
Contrary to fixed satellite systems where highly directive antennas are normally used 
and flexibility to choose location for clear a line-of-sight link almost eliminates 
multipath and shadowing problems, such options do not exist for mobile-satellite 
systems. In the latter case the signal from a satellite antenna is expected to illuminate 
the whole scene in the vicinity of a mobile receiver. Modest gain antennas with 
relatively much broader radiation patterns, typical of mobile terminals, do not 
eliminate many of the multipath reflections. Major multipath contributions for a land 
mobile-satellite link can be divided into two categories:
3.2.1 Specular Ground Reflections:
The signal component reflected from the ground in the vicinity of the mobile is 
generally assumed to be coherent. In such a case the reflections take place at what is 
often referred to as a smooth earth surface within the first Fresnel zone [3-6]. 
However, the earth is certainly a rough surface and the magnitude of ground reflected
I. Specular Ground reflections
II. Diffusely scattered components from terrain
features
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wave can be estimated for typical values of surface roughness and reflectivity as, 
[3-7]
R.=p,-D-Ro (3.9)
where
p5= terrain roughness factor (scattering coeff.) 
D= divergence factor (-1.0) 
Rq= reflection coeff. of plane smooth earth
The scattering coefficient, p5, for surfaces consisting of random heights with 
Gaussian distribution is given by
Ps = eJiB>^  (3.10)
and
Aj> = 4*. Ah- sing (311)
A
the parameters are as follows
Ah= rms height of surface irregularities 
5 = elevation angle at the ground reflection point 
X= wavelength
At UHF frequencies and above, which are used for mobile communications, 
specularly reflected components from the ground would be negligible. This is 
particularly true for mobile-satellite cases where relatively high elevation angles are 
involved. In most practical cases, whatever ground reflections occur are expected to 
be screened out by the antenna gain function. Therefore, ground reflections are not 
envisaged as a serious degradation to most LMS links.
3.2.2 Diffusely Scattered Reflections:
Due to the nature of the land mobile-satellite link, significant reflections may reach 
the mobile terminal from objects and terrain features surrounding it. Relative phase
shifts of various multipath components may lead to constructive or destructive [i 
interference amongst them. Relative amplitudes of the diffusely scattered signals
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depend upon the type of environmental features which cause them and on the antenna 
gain function for elevation and azimuth angles at which they arrive. Apparent 
difficulties in deterministic evaluation of the diffusely scattered signal components 
have led to the employment of statistical characterisation. In the land mobile situation 
where the LOS signal is mostly absent, amplitude variations of received signal at the 
mobile due to diffuse scattering are believed to be Rayleigh distributed. For the land 
mobile-satellite case in which the LOS signal is more frequently available due to high 
path elevation angles involved, amplitude fluctuations are predicted to be Rician 
distributed [3-7] for most of the time.
Diffused multipath scattering can cause appreciable fading in the power available at 
the mobile resulting in reduced link reliability. For wideband systems, especially 
digital applications, reflections arriving with excessive delays will introduce inter­
symbol interference (ISI) and hence distortion to the received signal.
3.3 Shadowing of Line-of-Siaht Signal
In the land mobile-satellite propagation scenario, the line-of-sight path between the 
signal source and the mobile is frequently affected by the presence of obstructions 
such as buildings, roadside trees, utility poles etc. The extent of the influence of so 
called "shadow loss" on the link reliability may be directly related to the type of 
environment in which the mobile receiver operates at any given instant. In built-up 
urban areas the attenuation due to LOS obstruction by the high-rise buildings may be 
several dBs for significant percentages of time. Similarly blockage by roadside trees 
may be a limiting factor in link reliability in many suburban areas. Foliage 
attenuation has been considered in the past at various frequencies applicable mostly to 
terrestrial based networks. CCIR model [3-8] for vegetation loss predicts attenuation 
as
L = 0 .1 8 7 /a 2 8 4 </0-588 dB (3.12a)
where
/  is the frequency in MHz and d is the depth of the trees traversed by
the signal in metres.
This model is recommended for 200> /> 95 ,000  MHz and d < 400 metres. It is 
applicable to transmitter and receiver links which involve either end to be near a 
grove of trees so that majority of the signal propagates through it. Later on the model
was simplified to the following form [3-9]
L = 0 .2 - /0-3 -d0 6  dB (3.12b)
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The difference between these models is not great but cannot be neglected especially at 
high frequencies. As an example at 1.5 GHz and for 10 metre path through the trees, 
excess attenuation predicted by equations 3.12a and 3.12b is 5.78 and 7.14 dBs, 
respectively, giving a difference of about 1.4 dB.
The most recent CCIR model [3-10] for vegetation loss attempts to adopt a more 
realistic approach, recognising the complex nature of foliage and tree attenuation of 
radio waves. The model takes into account vegetation density (number of trees per 
square unit and their average diameter) and percentage of wood on the transmission 
path. The frequency range applicable for the model is reduced to 1 0 0 > / >  1,000
MHz. Signal polarisation is also considered. However the path length through the tree 
path is extended to 2 km, with further extension up to 20 km with some 
modifications. The loss is calculated as
V (f ,d) =  V0( f , d ) { % } ( P / Pc)  (3.13)
p and pQ denote vegetation density on the signal path and overall
vegetation density of the forest, respectively. Similarly wood 
parameters are denoted by T} and r\0.
whereas
V„(f,d) = -29.6 + 9.8 • log10/  + 45-[log10 d • (log10 f -2 )]
- for Horizontal polarisation
and
V0 (f ,d)  = 46.0-15.5-log10/  + 45 [logI0d ■ (log10f -2 )]
- for Vertical polarisation
f  is in MHz and d is in Km.
The CCIR models for vegetation loss do not take into account the elevation angle of 
the signal source. Instead the models assume the transmitter and receiver operating in 
a condition where both are below the average vegetation height and hence signal 
propagates horizontally. Such assumptions make their use less useful for LMS 
applications. However, the models give an idea on the magnitude of 'shadow loss' to 
be expected due to blockages by vegetation at the frequencies of interest to LMS 
services.
Signal attenuation due to single tree has been measured and modelled using Fresnel 
diffraction theory by some experimenters [3-11], [3-12]. It has been shown that the
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loss is dependent upon frequency, lateral distance and tree structure. The loss 
increases with increasing frequency and, at shorter lateral distances and lower 
elevation angles. For 45° elevation angle, simulations [3-11] show attenuations of 8.4 
and 12.2 dB, at UHF and L-band respectively, from single tree shadowing. 
Attenuations of the order of 10-20 dB at L-band have been reported from 
experimental and simulation studies [3-12] under various elevation angle conditions 
for single tree shadowing. Similarly the shadow loss due to a building has been shown 
to be well predicted by the knife-edge diffraction model. Again the loss is found to be 
a function of lateral distance between the building and the mobile terminal. In general 
deeper attenuations (-18 dB at L-band) are observed in the immediate vicinity of the 
obstruction [3-12]. Therefore the diffracted signals are almost non-existent indicating 
complete loss of LOS signal in most instances. At higher frequencies the attenuations 
due to shadowing can be expected to be deeper.
3.4 Land Mobile-Satellite Channel - Measurements & Models
Having identified the problems concerning signal propagation through a mobile 
channel, the next logical phase would be to quantify the effects on signals to be 
transmitted through it. A series of mobile-satellite channel propagation experiments 
have been undertaken since the late 1970's for this purpose. It has been attempted to 
identify as many physical variables affecting and contributing to propagation 
degradation in mobile-satellite links as sensibly possible. Experiments have been 
carried out under a variety of environments i.e., rural, suburban, open, forested and 
even built-up urban locations to examine the extent of multipath and shadowing 
effects. In addition to this as the demand for mobile communications has been 
growing, new frequency allocations become necessary to accommodate the growth. 
Therefore experimenters have to widen the scope of propagation measurements to 
include frequencies corresponding to different bands in the RF spectrum believed to 
be available for such applications. As distinct to the terrestrial situation, the elevation 
angle of the signal source (satellite) was considered to be an important parameter for 
LMS channel studies. Since most of the early studies envisaged the space segment of 
LMS systems would consist of geostationary orbit satellites (GEOS), therefore 
elevation angles typical for the mid-latitudes areas i.e., up to about 50° were 
considered. Most studies have thus produced statistics on fading for elevations below 
50° and for narrowband channels. For the latter scenario various channel models have 
been developed and these are considered in the following sections. Herein we review 
the propagation studies on the LMS channel and the resultant models that have been 
adopted.
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3.4.1 LMS Propagation Studies:
(1)- One of the earliest measurements for the LMS channel is believed to have been 
carried out by Hess [3-13] in 1977-78. The measurements were taken at 860 MHz 
and 1550 MHz using transmissions from ATS-6. Field tests were performed in 
different regions of the United States, where satellite elevations varied from as low as 
19° in Chicago to as high as 43° in San Francisco. The analysis of the propagation 
data showed that link frequency made no significant impact on signal fading statistics, 
at least for the range considered for this experiment. In addition to the elevation angle 
other variables taken into account for analysis and modelling were also related to the 
physical nature of the channel. These were;
I. Local environment, divided into four main categories e.g., urban, 
semi-urban, suburban and rural.
H. Mobile heading which determined signal blocking because of its 
orientation with respect to the satellite position.
III. Side of the street. In some cases the LOS signal was blocked
/
while on one side of the street and became unshadowed on the 
other side.
It was concluded from the results that for the range of satellite elevation angles 
available during the course of measurements the most important factors in 
determining the excess loss were local environment and mobile heading (orientation 
with respect to satellite). In the urban environment of Denver excess loss of up to 25 
dB was experienced, for 10% of the time at 860 MHz, whilst for rural environments 
comparable link reliability could be achieved for excess fades of the order of 15 dB at 
L-band frequency. Simulation for spaced antenna diversity suggested improvement of 
only 4 dB under fading conditions. Secondary statistics of fading signals, at both 860 
and 1550 MHz, highlighted the following important points:
I. Non-Rayleigh fading characteristics
II. Importance of shadowing loss in Land Mobile-Satellite links in 
contrast to multipath dominance in the terrestrial case.
(2)- Butterworth and Matt [3-14] reported a propagation measurement campaign 
undertaken for the Canadian MSAT program. Initial measurements as reported were 
carried out at a UHF frequency of 870 MHz. In the early phase of this program 
signals were transmitted from a 64m high tower and from a meteorological balloon 
tethered at a height of 300m. This only served to facilitate equipment testing, seasonal
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effects of foliage attenuation and small scale data for the mobile channel. It was 
found that the signal strength measurements under the line-of-sight conditions 
followed a Rician distribution, with varying fit parameters depending upon the mobile 
surrounding terrain. Under heavy shadowing conditions i.e., primarily by road-side 
trees, excess loss was log-normally distributed. These preliminary results were 
obtained for elevations up to 20°. Results from major propagation trials have been 
reported by Loo et.al. [3-15]. The signal transmitter was flown aboard a small 
helicopter to provide a simulated satellite signal at 870 MHz. Such a configuration 
was used to generate a sufficiently large propagation data-base for statistical analysis 
on the shadowing and multipath effects in the LMS channel. Elevation angles of up to 
30° were considered by flying the helicopter at various altitudes. Furthermore in 
order to take shadowing loss into consideration the data were divided into two main 
categories. Analysed results were, therefore, presented for environmental conditions 
corresponding, to light and heavy shadowing. Figure 3.3 shows the probability 
distribution of the signal envelope obtained from the measurements for light and 
heavy shadowing conditions. It is clear that the excess loss generally decreases with 
increasing elevation angle, indicating reduced interruption in the signal path and 
hence lower shadow loss. Even under heavy shadowing the loss for 90% of the time 
decreases from about 20 dB at 5° elevation to 7 dB at 30°. The spread in the 
attenuation distributions as a function of elevation angle for light shadowing is less 
when compared to those corresponding to heavy shadowing. As an example, for 95% 
of the time the signal level remained between 17 and 11 dB for the light shadowing 
case, a difference of only 6 dB, whilst it ranged from 23 dB to 11 dB in the case of 
heavy shadowing giving a difference of 12 dB, for various elevation angles 
considered. Signal phase statistics from the experiment are shown in figure 3.4. This 
demonstrates that for most of the time, phase variations are independent of the 
elevation angle. Two points of interest from these characteristics are:
I. Larger phase variations occur at lower elevation angles
II. Wider spreads in phase distributions occur for heavy shadowing 
conditions
Seperate propagation trials involving transmissions from the MARECS-A satellite 
(26° W) at L-band (1542 MHz) were also carried out under the Canadian MS AT 
program. The satellite visibility during the measurements was reported to be 20° in 
elevation [3-16]. No direct comparisons have been made with the previous 
measurements at UHF frequency. Signal envelope distributions for light and heavy 
shadowing conditions show large differences in attenuation at equiprobable levels. 
Most recent results from a larger propagation database at L-band are reported in
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[3-17]. Environmental conditions have been divided into four categories as compared 
to two in the previous case. These include light, light-to-heavy, medium and medium- 
to-heavy shadowing conditions. Figure 3.5 illustrates the signal envelope distribution 
of measurements. The results are summarised in Table I. The latter shows that the 
fade margin requirements to counter losses due to shadowing and multipath vary over 
a wide range primarily depending upon the nature of the surrounding terrain. For 99% 
availability the fade margin varies from 14 dB under light shadowing to about 22 dB 
for heavy shadowing at L-band. Link availability requirement also imposes severe 
limitations on system design which is clear from Table I. The fade margin increases 
by about 11 dB when availability is to be enhanced from 90% to 99% in most cases. 
Signal phase characteristics were found to be similar to those in earlier case.
(3)- Lutz e ta l. [3-18] have reported results from a series of propagation 
measurements carried out in a variety of European environments. The measurements 
involved channel recordings between Inmarsat’s MARECS satellite (26° W) and an 
instrumented mobile vehicle. The narrowband measurements were conducted at a 
carrier frequency of 1.54 GHz, in the L-band, relayed from the satellite. The choice 
of test locations and selection of representative routes were carefully designed to 
provide the following features of significance to the channel recordings:
• In different parts of Europe where satellite elevation 
angles ranged from 13° to 43°. The different locations in 
Europe chosen for the measurement campaign were 
Stockholm (13°), Copenhagen (18P), Hamburg (21°), 
Munich (24°), Barcelona (34°) and Cadiz (43°).
• The Choice of a number of European locations also 
provided a necessary mixture of structural differences in 
built-up areas and a variety of terrain features.
• The test routes for all locations involved different types 
of environments i.e., city, suburb, rural roads, highways 
and a variety of mobile heading directions.
Antennas with different gains and directivity patterns were used in the measurements. 
Horizontal symmetry in antenna patterns alleviated the need for steering. The 
extensive measurement results have been used to develop a useful model for LMS 
channel which will be discussed in the next section. However, the results show that 
amplitude variations do not generally follow the Rayleigh distribution, primarily due 
to the fact that the LOS signal is frequently available. The significance of the 
environment in LMS link reliability is demonstrated by the analysis of data from 
measurements taken in and around Munich. In a city environment the link availability
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of 60% is achieved by a fade margin of 10 dB compared to 90% in an open 
environment of a highway for the same margin. Similarly fade duration statistics 
show that fades of the order of 10 dB or more occurred for more than 0.1 sec, 26% of 
the time in a city at the mobile speed of 10 km/h and 6% of the time on a highway at 
60 km/h. Similarly statistics on the received power above a certain threshold, defined 
as connection time, reflect a similar pattern in shadowing conditions. In a city 
environment connections above -10 dB relative to average received power for longer 
than 1 sec were available for 34% of the time whereas on a highway the 
corresponding number was found to be 85%, for similar driving conditions in the 
respective environments as mentioned before.
(4)- Bundrock and Harvey [3-19] reported results from channel measurements 
carried out in Australia for the AUSSAT system, the Australian land mobile satellite 
service. The campaign involved signal transmissions from a helicopter at three RF 
frequencies, 893 MHz, 1550 MHz and 2660 MHz. The use of a helicopter provided 
flexible control over the choice of elevation angles (30°, 45°, 60°) and the locations 
for measurements, facilitating the study of the influence of such parameters on signal 
propagation. Measurements were carried out on a typical double road lined with 
Messmate eucalyptus trees of approximately 15 m high. Two different sections of the 
road were chosen where tree densities were different. Important conclusions from the 
study may be summarised as follows:
I. Link margin requirement increases with increasing frequency.
n. The higher the elevation angle the lower is the attenuation.
in. For channel conditions where tree density is high, signals suffer 
deeper attenuations.
This is illustrated in figures 3.6, 3.7 and 3.8.
(5)- Perhaps the most extensive propagation measurements for LMS channel have 
been undertaken by Vogel and Goldhrish in the United States under NASA’s MSAT- 
x program. Initially only UHF frequencies were investigated, but later on 
simultaneous UHF and L-band measurements were also carried out. The satellite 
signal was simulated using various alternative platforms for different trial runs, which 
included high altitude meteorological balloons, remotely piloted aircraft and 
helicopters. The results of these studies were later compared to those obtained from 
measurements made at L-band using MARECS-B2 signal [3-23].
a) Static Measurements - Single Tree attenuation;
These measurements were made in such a configuration that the 
receiving vehicle remained stationery during the tests. The 
measurement geometry consisted of a transmitter carrying platform 
flying along straight paths on one side and the receiving vehicle parked 
on the other side of the tree under consideration. Two different sets of 
measurements using such an arrangement have been reported. The first 
of which involved transmissions at 869 MHz from a remotely piloted 
aircraft [3-20]. Different types of trees were examined such as Holly, 
White Pine, Burr Oak and Pin Oak which were in full foliage as the 
tests were carried out in June 1985. Results were compiled from the 
statistical analysis of attenuations caused by a tree in more than one 
flights, thus generating a sample of attenuation values for a particular 
tree type. The airborne transmitting platform also flew at various 
relative positions to achieve different elevation angles at the vehicle. 
For each tree type a threshold elevation angle was defined based on its 
physical dimensions. Above the threshold elevation angle the path 
length through the foliage reduced whilst it increased below i t  
Attenuation levels varied for different elevation angles showing a 
declining trend with the increasing elevation angle. The average of the 
average median attenuation for all tree types considered was found to 
be about 12 dB whilst the attenuation coefficient was of the order of
1.1 dB/m. An interesting comparison made with the figures calculated 
from CCIR formula (3.12a) for identical conditions of foliage and 
other RF parameters show that such a prediction falls short by a factor 
of 5 for the average value of attenuation obtained from these 
measurements.
Under similar measurement procedures, single tree attenuation results 
were reported for different types of trees, which primarily included 
deciduous trees in this case [3-21]. Comparison of the effect of leaves 
was obtained by conducting measurements in two phases; the first in 
October 1985 and the second in March 1986. Deciduous trees were 
devoid of leaves during the March measurements. The tree types 
examined included Callery Pear, Pin Oak, Norway Maple and 
Sassafras among the deciduous trees. The attenuation effects due to 
Scotch Pine and a pine grove were also examined. At high elevation 
angles the attenuation levels in general decreased, as previously
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observed. However, an interesting aspect was highlighted from the 
results of these measurements. It was found that although at high 
elevation angles the absolute values were lower, there were sharp 
difference in attenuations when a tree was defoliated to that of the full 
foliage condition. For example, in the 20°-25° interval of elevation 
angles the average bare tree attenuation was 12.8 dB compared to the 
full foliage value of 14.6 dB, a 14% increase. At 30° the 
corresponding values were 8.5 and 11.8 dB, an increase of about 40% 
in attenuation.
b) Dynamic Measurements - Shadowing and Multipath:
A series of measurements were made in which a vehicle travelled 
along different roads in a variety of measurement geometries relative 
to the signal source, either carried by an alternative platform 
(helicopter, balloon etc.) [3-11], [3-20], [3-21], [3-22] or satellite itself 
[3-23]. A whole range of physical variables were investigated for their 
anticipated influence on the signal reception by a mobile. Initial 
measurements at UHF were later combined with L-band, to enable 
scaling of attenuation values already obtained from previous tests at 
UHF. For field tests involving the helicopter, the representative routes 
were carefully chosen for the propagation measurements. These routes 
were retained for measurements using transmissions from the 
MARECS-B2 satellite to provide confidence in earlier results. The 
representative routes chosen for the measurements were as follows:
1) Route 295 - a busy four lane highway connecting 
Baltimore and Washington DC. The road is lined with 
trees 75% of the extreme sides and 35% of the median 
which runs between the opposite directions.
2) Route 108 - a relatively narrow two lane suburban 
road containing approximately 55% roadside trees along 
the stretch examined. It passes through a mixture of 
agricultural, residential and commercial zones with utility 
poles on both sides.
3) Route 32 - a two lane rural road with more 
sparsely populated trees and relatively displaced from 
the roadside edge. Tree density along the stretch was 
approximately 30%.
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The measurement geometry was kept constant in each case for 
comparison of results. It was, however, designed to provide worst case 
shadowing in all cases between the helicopter and the mobile such that 
maximum possible path length was intercepted by the roadside 
obstacles. Configurations in which minimum shadowing and 
maximum multipath would be present were also attempted [3-21], 
[3-22]. The comparative analysis provided an indication on the 
dominant factor responsible for link degradation in LMS systems.
Physical variables taken into consideration during these trials were:
[i] Elevation angle of the signal source.
[ii] Direction of travel for each road. 
[Hi] Lane of the road driven (where applicable). 
[iv] Seasonal effects.
7- UHF and L-band Fades:
The L-band fades were found to be consistently higher than 
those at UHF. This phenomenon was observed in either case 
where shadowing and multipath effects were examined 
separately. However greater difference in fades for the two 
frequencies resulted when worst case shadowing occurred. An 
average scaling factor of 1.35 [3-22] (L-band to UHF ratio) 
was found to exist in the region of l%-30% of the time for the 
range of elevation angles (30°-60°) considered, and for the 
types of environments examined.
2- Elevation Angle Dependence:
The findings regarding elevation angle dependence were in 
general no different from those obtained by other 
experimenters. As the elevation angle of the path between the 
signal source and the mobile increased, fades reduce due to 
shallow and infrequent shadowing. This was found to be true 
for both UHF and L-band frequencies. For route 295 south 
where maximum fading occurred, the advantage of 10 dB at L- 
band was achieved at 1% probability level when elevation 
angle increased from 30° to 60°. This is shown in figure 3.9 
[3-22]. The magnitude of fade reduction at UHF under 
identical change of conditions was of the same order. Satellite
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measurements [3-23] tend to confirm the general tendency of 
elevation angle dependency.
3- Vehicle Headim and Lane Driven:
Significant variations in the signal attenuation may result whilst 
travelling in different lanes of a same road provided the link 
configuration is that of the worst case shadowing. Switching 
lanes constitutes the situation of reduced path length through 
foliage or tree canopy at a given elevation. However, larger 
fade reduction seems to occur at high elevation angles when 
lanes are switched, which is consistent with the above 
explanation that greater changes in shadowing of the 
propagation path take place. The difference in fades of 8 and 
3.5 dB, by driving in adjacent lanes of route 295 south, have 
been reported corresponding to elevation angles of 60° and 
30°, respectively, when compared at 1% level for L-band 
measurements [3-22].
The effect of vehicle heading is more clearly demonstrated in 
the MARECS-B2 measurements. Figure 3.10 [3-23] shows 
the cumulative fade distributions for opposite directions of 
travel of the same road with the link geometry depicted in the 
cartoon. Such a strong dependency of link fading on vehicle 
heading was also reported by Hess [3-13].
4- Seasonal Effects:
The comparison of fade distributions from measurements along 
the same roads performed at different times of the year, 
corresponding to different foliage densities on the trees and 
moisture content in the leaves, indicated no significant 
differences. The maximum seasonal fade reduction of 3 dB for 
15 dB worst case fade, at 45° in the UHF case, have been 
reported; a 20% reduction [3-19], [3-21] when no leaves were 
present. The degree of fade reduction was less at the lower 
elevation angle of 30° [3-20]. The overall conclusion from the 
limited comparison of seasonal measurements was that the 
dominant attenuation would be caused by the tree branches, at 
least for elevation angles up to 45°. Nevertheless the foliage 
effects on fading could not be described as trivial.
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5- Shadowinz vs Multipath:
Measurements have confirmed that in a land mobile-satellite 
scenario fading due to multipath propagation would be much 
less of a problem as compared to that caused by shadowing. 
Measurements for multipath characterisation [3-21], [3-22] 
tend to confirm this conclusion when a comparison with results 
obtained for roadside tree attenuations [3-20], [3-22] is made. 
Figure 3.11 [3-22] compares fade distributions at L-band, 
corresponding to shadowing and multipath as dominant factors 
for signal degradation in respective cases. These distributions 
refer to identical channel conditions but different measurement 
geometries. At 1% probability level, a difference of 14 dB in 
fades resulted at 45° elevation. Even at 60° the difference in
fades was observed to be as much as 9 dB. This clearly
demonstrates the relative degree of influence of shadowing and 
multipath on signal propagation in LMS links.
(6)- LMS channel measurements which involved path elevation angles above 60° 
were first conducted in the United Kingdom [3-24], at about the same time when this 
project was in its initial phase of carrying out the feasibility study for ESA. The 
results demonstrated the advantage in terms of dramatic reduction in fade levels at 
these elevation angles. A light aircraft fitted with an L-band cw transmitter and 
antenna was used in simulation of a high elevation angle satellite source for the
measurements. Such a choice provided a degree of control over achieving various
elevation angles after employing careful flight strategy. The main problem in using an 
aircraft came, from the considerable difference in mobile (on the ground) and aircraft 
velocities, and hence variations in elevation angles over short durations of time. The 
measurement geometry was designed to provide maximum shadowing (azimuth 
bearing approximately 90°± 10°) for a given aircraft-mobile configuration. To obtain 
and assess the variability of channel statistics for various terrain types, measurements 
were made for open, tree-shadowing rural, suburban and dense urban environments. 
In each case three elevation angles 40°, 60° and 80° were considered.
In the open environment signal degradations were minor at all elevation angles and 
therefore hardly of any concern. Cumulative fade distributions for all three angles 
were nearly similar. The fades experienced were typically less than 1 dB even at 1% 
probability. In the tree-shadowing rural environment, the maximum benefit is 
achieved at 80° where shadowing by the intervening foliage is small. The attenuations 
at 40° and 60° were comparable (within 2.5 dB) at 1% level, whilst at 80° the
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attenuation reduced sharply due to diminished effects of shadowing. The 1% fade 
stood at only 0.4 dB compared to 9 and 6.8 dB at 40° and 60° respectively. Similar 
results were obtained for suburban environment, with a difference that 60° and 80° 
distributions were quite close in this case. The stretch of route for the suburban 
environment along which the measurements were made primarily had two-storey 
buildings set back from the roadside edge. At 1% outage probability, the attenuations 
at 40°, 60° and 80° were observed to be 9.2, 2.0 and 1.2 dB respectively. Higher 
fades were observed in the dense urban environment. For 99% availability fades as 
deep as 17, 15 and 2.5 dB were reached at 40°, 60° and 80° respectively. The two 
lower angle distributions were more similar to each other than that at 80°.
Using similar measurement procedures further investigations of the LMS channel 
were performed at S-band [3-25]. The elevation angles and the stretches of various 
roads involved were the same as described for L-band measurements. However two 
improvements to the previous measurement set-up were made in order to enhance the 
confidence and accuracy of results. A light aircraft which could fly at relatively 
slower speeds was chosen. A smaller difference in mobile and aircraft travelling 
velocities enabled longer runs of parallel flights and hence more data for each 
elevation angle. The second addition was that of navigation instruments to log mobile 
and aircraft position information at the respective units. This allowed more accurate 
assessment of relative geometry of the mobile with respect to a given aircraft position 
at any particular instant, for elevation angle determination in the off-line analysis. For
S-band measurements, the tree-shadowing environment was further sub-divided into 
three categories namely light, intermediate and heavy. These categories correspond to 
progressively high tree density along the routes as well as decreasing distances of 
tree-lines from the road and therefore the mobile. Figure 3.12 shows the results from 
these measurements for the tree-shadowing environment at various elevation angles 
[3-24]. Although the measurements were made in March, when trees were not in full 
foliage, even then it may be observed that as the path elevation angle of the signal 
source goes high the attenuations reduced by 3-4 dB in all cases at 1% level. The 
results of suburban measurements [3-25] are shown in figure 3.13. Again the 
advantage is of about 4 dB when the elevation angle increases from 40° to 80°. It is 
now understood that an error had occurred during the analysis of the propagation data 
from the L-band high elevation angle measurements mentioned above. Therefore, 
unless corrections are made, care must taken in interpreting the results as reported in 
[3-24] and discussed here.
(7)- Only a few studies have attempted to carry out wideband measurements for 
LMS channel. Bultitude [3-26] has reportedly carried out such measurements at 910 
MHz, using transmissions from a 65 m high tower. The measurement set-up was
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to collect data on foliage obstructed signals. The receiver was hardly mobile. In fact 
the receiving antenna was moved along a track specially prepared on the roof-top of a 
van. The measurement geometry permitted an elevation angle of 20°. The received 
signal envelope was found to be Rician distributed. The results indicated that under 
such conditions of propagation, the majority of reflections and signal scattering 
occurred due to tree trunks. Frequency correlation was observed to remain high over 
wide bandwidths with little change because of defoliation. Channel coherence 
bandwidths in the range of 700 KHz to 1 MHz have been reported.
Plans of a more extensive L-band wideband channel sounding campaign has been 
reported by Smith [3-27] for high elevation angle LMS channel. As for narrowband 
measurements, different environments will be considered. Transmission of wideband 
signal from a light aircraft and a mobile van equipped with wideband receiving 
system will be involved, in an identical measurement procedure adopted for 
narrowband measurements [3-24], [3-25]. It is believed that the campaign results will 
be available in the near future.
3.4.2 LMS Channel Models:
It becomes quite apparent from the discussion on signal propagation in a typical land 
mobile-satellite environment and channel measurement results that the 
characterisation of the LMS channel involves a complex mix of various influences. 
Although deterministic treatment of multipath, tree shadowing, foliage attenuation 
and building obstruction may seem useful, the nature of the problem requires a 
statistical characterisation. The ultimate objective of any channel measurement, such 
as those reviewed in the previous section, would be to model the channel behaviour in 
as appropriate a fashion as theoretically and practically possible. So far as the channel 
models are concerned, a number of models have been suggested; majority of them 
either based or tested against actual channel measurements. In general the models 
may be divided into two classes;
(i) empirically derived
and
(ii) models using statistical distributions, with parameters determined 
from actual measurements.
Some of the most important modelling concepts are discussed here regardless of their 
classification and range of application.
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1- Hess Model:
This is an empirically derived model. It takes a number of physical variables as 
margin determining parameters. Since the model is based on channel measurement 
statistics, the link availability is specified in terms of small-scale (over a few hundred 
wavelengths) and large-scale coverage. From the model the margin is calculated as 
[3-13]:
Margin (dB) = Mean Excess Loss+Slope *k (3.14)
where
Excess Path Loss = Aq + Ax • envir + • adjaz + • freq + A4 • side + As • elev
and
Slope = B0 + Bl • envir + B2 • adjaz + B2 • freq + B4 • side + Bs •elev
The values of the coefficients used in the margin calculation are listed in table II. All 
margins correspond to the 90% small-scale coverage.
It is obvious that although the model provides useful information to system engineers 
it has its shortcomings. It is impossible to use the model at frequencies other than 
those used for the channel measurements; from which it is derived. The elevation 
angle range for which the model is expected to predict safely is between 19°-43°.
The CCIR model [3-7] is a modified version of Hess's model. It is a regression model 
based on the same set of measurements. It calculates the link margin for a mobile- 
satellite link to be above a specified value for 90% of the time. For urban areas it is 
estimated by
A/ = 17.8 +1.93• / -0 .0 5 2  S+ K  (l.6 + 0.053• /  + 0.04• 5) (3.15)
and for suburban/rural areas, it is
M = 12.5 + 0.17 • /  -  0.17 • 5 + AT • (6.4 -1.19 • /  -  0.058 • S) (3.16)
where
M -  Link margin (dB) 
f= Frequency of transmission (GHz)
8= Elevation angle (degree)
K= %tage of locations for which the link is better than a specified 
level.
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Various K values are as follows:
K(50%) = 0.0 
K(90%) = 1.3 
K(95%) = 1.65 
K(99%) = 2.35
Obviously the outer limits of frequency and elevation angle on the model still exist. K  
values are essentially the same as for the Hess model. However, the CCIR model is 
much easier, straight forward and flexible in use. Contrary to what has been found by 
numerous experimenters, the model predicts rather pessimistic link margins at high 
elevation angles, particularly outside its safe range of about 45°. Therefore the model 
does not represent a true picture of link degradation at high elevation angles and 
hence should not be used for extrapolation.
2- Loo Model:
This model is based on statistical distributions [3-28] and is derived with certain 
assumptions applicable to a typical rural environment with tree shadowing. It has 
been assumed that under tree shadowing conditions the LOS signal is subject to 
variations which are log-normally distributed. The multipath components are 
characterised by a Rayleigh probability density function. Therefore the instantaneous 
received signal is given by
assumed to be log-normal and Rayleigh distributed, respectively. The phases (j  ^and (j) 
associated with both components are assumed to be uniformly distributed between 0 
and 2k.
If z is taken to be constant over a short interval (time/space), then the conditional 
probability of the received signal, r, is given by
r • -  z ’ e ^ °  + w • (3.16)
for z>0 and w>0
z is the amplitude of LOS and w is the multipath interference factor which would be
p(rlz) = ^ ' exP -
f
(3.17)
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This is actually Rician distribution with following parameters: 
r= received signal amplitude 
b0= mean received scattered signal power
I0(.)= modified Bessel function of order zero
The overall probability of received signal, which accounts for variations in the LOS, 
can therefore written as
p(r) = \ p M ' P ( z ) ' d z  
0
p(z), as mentioned earlier, is log normal and is given as
(3.18)
f a r t ; ) - ' *
_(ln z - p Y
2-dn (3.19)
11= mean received signal (dB) 
d0= variance of received signal
Using eq. 3.17 and 3.19, the overall received signal probability in eq. 3.18 can be re­
written as
(In
f2tL
y + z 2) /
Ah ^ / h ) dz
(3.20)
Eq. 3.20 requires numerical solution.
The model has been tested using various values of different parameters [3-28] against 
actual channel measurements and shows reasonable agreement, as demonstrated in 
figure 3.14. The analytic expressions for second order statistics such as level crossing 
rates and average fade durations have also been derived [3-28]. Although the model 
provides a more fundamental understanding of signal propagation, especially in tree 
shadowing conditions, it does not take into account the effect of some important 
physical parameters such as elevation angle. The model certainly requires 
modifications if it is to be applied to a more typical LMS channel, which includes a 
mixture of various environmental conditions.
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3- Lutz Model:
This model is a modified version of Loo's model, although apparently it was 
independently derived and was based on a series of European measurements. The 
most important underlying concept of the model is time-share of shadowing, A, which 
is used as a weighting function in a combination of various probability density 
functions. The time-share of LOS shadowing is physically determined by more than 
one factor, channel conditions (environment) and path elevation angle being the most 
important of all.
Under no shadowing conditions, the multipath components (assumed to be Rayleigh 
distributed) are supposed to be superimposed on the direct (LOS) signal, constituting 
a Rician process. Therefore the instantaneous received signal power, s, is given by
The LOS power has been normalised to 1, and
c = direct-to-multipath signal power ratio 
I0(.)= modified Bessel function of order zero
When shadowing is present, contrary to Loo's model, it is assumed that no direct 
signal exists and received signal is therefore purely that composed of multipath 
components. Under such conditions the signal is supposed to be Rayleigh distributed. 
However the mean power is subject to variations over longer intervals. Over shorter 
intervals, with mean received power, Sq, the probability of instantaneous received 
power is
The slow variations in the mean received power under shadowing are assumed to be 
log-normal, therefore
Pk, J s) = c ■ exp(-c • o  +1)) • l0(2cJs) (3.21)
(3.22)
f t* (S o )-1% 2 £ <Tin io '/^ o 'exp (3.23)
|i represents mean power level decrease (in dB with respect to unfaded 
signal power) and a2 is the variance of the power level under 
shadowing.
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Equations 3.22 and 3.23 together represent probability density of received signal 
power under shadowing.
The overall probability density function, p(s), for the received signal power in a 
mobile-satellite link is thus given by combining equations 3.21-3.23, weighted by the 
time-share of shadowing, A. By definition p(s) can be given as
The model tested with parameters derived from actual measurements, such as those 
shown in Table HI, exhibits excellent agreement with the statistical analysis results. 
The comparison is shown in figure 3.15 for the cumulative probability distributions 
corresponding to the model (3.24) and the actual measurements, represented by full 
lines and '+' respectively [3-18]. This shows that at high signal levels Rician density is 
dominant whilst at lower levels Rayleigh/Log-normal is more prominent. It becomes 
readily apparent from Table in  that the time-share of shadowing, A, represents the 
effects of important influences such as environment and the path elevation angle. A 
reduces for a particular environment as a function of elevation angle, as would in 
general be expected. The Rice factor, c, also varies dramatically as a function of 
environment indicating the presence or absence of LOS signal. However, it is 
influenced by other factors most noticeably by the antenna gain function. 
Nevertheless the model is useful in determining link margins under typical LMS 
channel conditions despite the fact the evaluation needs complex numerical solution.
4- Empirical Roadside Shadowing (ERS) Model:
The ERS model [3-5] has been derived empirically from the propagation database 
corresponding to a total of 640 km of measurements made in Central Maryland, USA. 
Salient features of the measurement results from this propagation campaign have been 
discussed previously. The database corresponds to the measurements made for 
various road types, with roadside obstacles including predominantly trees and some 
utility poles, different lanes of the roads driven as well as different directions of travel 
with respect to the LOS propagation path. Therefore the model determines the fade 
margin for average channel conditions for the outage probability in the range of 1%- 
20%. The ERS model is expressed analytically as
(3.24)
0
F = - M  \n(P) + B (3.25)
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where
F= fade in dB
P= %tage of exceedance
M  and B are regression coefficients, expressed as polynomials in 
elevation angle, 0 (in degrees).
M -  a + bO + cO2 and
B = dO + e
The coefficients are as follows:
0=3.44, b=0.0975, c=-0.002, ^=-0.443 and e=34.76
It is clear that the utility of the model lies in its ease of use to determine fade margins 
for average channel conditions. The degree of confidence in the model stems from the 
extensive database on which it is based. However, it should be remembered that it is 
only applicable to L-band (or UHF using scaling factor) and care must be taken in 
using it for elevation angles above 60°. These limitations on the model come directly 
from the propagation database.
3.5 Conclusion
A review of propagation degradations of considerable importance in land mobile 
satellite systems is presented in this chapter. Faraday rotation, rotation of the plane of 
polarisation axis, induced by the ionosphere have been shown to be of limited 
significance. Loss of power due to Faraday rotation, however, is completely 
avoidable by an appropriate choice of signal polarisation. Circular polarisation which 
do not suffer adverse effects by such ionospheric influence are therefore the optimum 
choice for mobile-satellite applications. It has been shown that multipath and 
shadowing of LOS are particular problems of wave propagation in the mobile 
communication environment. A number of propagation studies quantifying the 
statistical behaviour of the mobile-satellite channel have been reviewed. From the 
results of these measurement campaigns it is confirmed that in LMS systems link 
reliability is strongly dependent on a number physical variables. The channel 
conditions (environment) in which a mobile terminal operates and the path elevation 
angle, are of prime importance. It can, therefore, be concluded that LMS systems 
using satellites in suitable high elevation orbits can operate with reasonable margins. 
Finally some channel model have been discussed. These models provide useful 
insight into signal propagation under various mobile channel conditions as well as 
important information on link margin requirements.
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Condition Attenuation (dB) Relative to 
Line-of-Sight for:
90%* 95%*
Light Shadowing 3.0 7.0 14.0
Light to Heavy 
Shadowing
6.4 10.8 18.0
Medium Shadowing 7.4 10.9 17.5
Mc<! i um S had * >\v ing 9.6 12.8
Medium to Heavy 
Shadowing
10.2 14.0 21.7
* percent o f  tim e signal is greater than indicate*!
Table I: L-band signal attenuations 
(Canadian measurements using MARECS-A)
VARIABLE RAKCE OF VALUES
EKVIR UR -  I .  SU -  0 . SB -  - t
ADJA7- ( h e a d in g ) -  COS (2<AZ -  ATS6AZ))
EREQ U -  1 , L -  1 .6
SIDE ■ft aw ay . -1  to v t r d
ELEV 190 t o  4 3 °
EXCESS PATH LOSS SLOPE
C o e f f i c i e n t STU ERR C o e f f i c i e n t STD CRk
A0 -  9 .5 5  <!B CO -  3 .7 5  <18
A l -  4 .4 6  <18 0 .4 2  <16 B1 -  2 .6 2  <18 0 .2 9  dB
A2 -  3 .4 1  <!B 0 .6 1  <18 82 -  0 .9 8  <J8 0 .4 2  dB
A3 -  1 .66dB 0 .9 1  <18 83 -  0 .0 4 6  <18 0 .6 2  dB
A4 -  - 0 .3 5  <18 0 .3 6  <18 84 -  - 0 .2 4  dB 0 .2 5  <18
A5 -  - 0 .0 5 2  dB 0 .0 4 5  <13 85 -  0 .0 4 0  dB 0 .031  d l
F . i t l n a t a 3 .6 5  <18 C a t l> uit« 2 .5  <16
Table II: Parameters of the Hess Model
Satellite
Elevation Environment Antenna A 10 log c V- a
13* Highway C3 0.24 10.2 dB -8 .9  dB 5.1 dB
City C3 0.89 3.9 dB -11.5 dB 2.0 dB
18* City C3 0.80 6.4 dB -11.8 dB 4.0 dB
City D5 0.80 5.5 dB -10 .0  dB 3.7 dB
21° New City D5 0.57 10.6 dB -12.3 dB 5.0 dB
Highway D5 0.03 16.6 dB -7.1  dB 5.5 dB
Highway S6 0.03 18.1 dB -7 .9  dB 4.8 dB
24° Old City C3 0.66 6.0 dB -10.8 dB 2.8 dB
Old City D5 0.78 9.3 dB -12.2 dB 4.4 dB
Old City S6 0.79 11.9 dB -12.9 dB 5.0 dB
Highway C3 0.25 11.9 dB -7 .7  dB 6.0 dB
Highway S6 0.19 17.4 dB -8 .1  dB 4.2 dB
34° City C3 0.58 6.0 dB -10 .6  dB 2.6 dB
City M2 0.72 10.0 dB -11.9  dB 4.9 dB
City S6 0.60 9.5 dB -12.2  dB 2.0 dB
Highway C3 0.008 11.7 dB -8 .8  dB 3.8 dB
Highway S6 0.007 16.7 dB -13.4  dB 5.3 dB
43* City C3 0.54 5.5 dB -13.6  dB 3.8 dB
City M2 0.65 ll.OdB -15.4 dB 5.4 dB
City S6 0.56 6.5 dB -15 .6  dB 3.8 dB
Highway C3 0.002 14.8 dB -12 .0  dB 2.9 dB
Highway - M2 0.002 17.3 dB -13.8 dB 2.0 dB
Table HI: Parameters of the Lutz Model
Figure 3.1: Propagation scenario in the land mobile satellite service
Figure 3J2: Path length variation of a reflected signal component
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Figure 3.3: Probability distributions of the UHF signal envelope at various elevation angles
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Figure 3.4. Probability distributions of the UHF signal phase at various elevation angles
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4
Channel Characterisation and 
Sounding Techniques
The propagation issues related to mobile channels have been discussed in the previous 
chapter. Since the mobile channel behaviour is strongly environment dependent, 
which in turn is inherently random in nature, a statistical characterisation of various 
channel parameters has to be carried out. From a system designer’s point of view, it is 
necessary to have as a accurate knowledge of the channel as possible in order to 
design a communication system with satisfactory performance over the mobile 
channel. As a first step it is absolutely important to establish the types of channel 
parameters required to achieve this objective. The choice of an appropriate sounding 
technique depends upon the channel parameters to be characterised.
The envisaged application of the results of a propagation campaign determines the 
range of channel parameters to be investigated. In the following sections a review of 
various channel parameters, important in mobile communication system design, is 
presented. Narrowband and wideband characterisations are discussed and some 
channel sounding techniques are described.
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4.1 Channel Characterisation
Almost all radio channels may be regarded as linear in terms of their influence on 
communication signals transmitted through them [4-1]. In the case of mobile 
communication, the mobile terminal is usually totally submerged in the surrounding 
environment. Therefore, the signal received by the mobile terminal is the 
superposition of many individual component signals arriving via different paths in 
addition to the direct signal which may or may not exist at a particular point in space 
and time. In the presence of multipath propagation, discussed in the previous chapter, 
the mobile channel can be described as a linear filter with randomly time-varying 
characteristics [4-2].
4.1.1 Narrowband Channel Description
A mobile channel can be considered as narrowband if the information signal 
bandwidth is less than the coherence bandwidth1 of the channel. This implies that the 
channel exhibits non-frequency selectivity and hence flat (correlated) fading is 
experienced by all frequency components contained in the information signal [4-3]. 
The received narrowband signal may be represented in complex notation by:
Ktf = X<V e'6* (4.1)
k
where ak and Ok are the amplitude and phase variations, respectively, associated with 
different propagation paths including the line-of-sight (LOS) path under shadowing 
and diffraction conditions. Obviously channel transmission coefficients, ak and &, 
are dependent upon the physical nature of the mobile surrounding environment. Each 
constituent path is a consequence of either single or multiple reflections. This results 
in received amplitude fluctuations, since the differential path lengths contribute to 
phase variations with mobile motion. Hence ak and Ok may be regarded as random 
variables and so need to be characterised statistically.
The amplitude characteristics of the channel are of primary importance. The 
narrowband data provides information on spatial and/or temporal channel variability 
in terms of amplitude fade distributions at particular frequencies [4-4]. Phase 
characteristics are also useful in evaluating the channel effects on the received signal 
reception by a mobile, especially for digital systems. In the frequency domain, 
Doppler spread associated with the transmitted signal, primarily due to receiver
1 Defined in the section 4.1.2.2
6 1
motion, gives a measure of frequency shift observed at the mobile. Doppler effects 
are well covered and understood from theory. Doppler shift is known as the shift in 
signal frequency when either the receiver or the transmitter, or both, are in motion 
relative to each other. The extent of shift depends upon the relative velocity and the 
angle of arrival that a particular path makes with the direction of the mobile motion 
[4-5]. Mathematically Doppler shift is expressed as
f j = j -  cosa (4.2)
where v is the relative velocity, X is the radio frequency wavelength and a  is the 
angle between the arrival path and the direction of mobile motion. However, the 
Doppler spectrum of the measured signal can be obtained by invoking the complex 
Fourier transform of the signal. Additionally the power spectrum of the received 
signal may be obtained by taking the Fourier transform of the autocorrelation 
function of the signal envelope. The fading bandwidth so obtained gives an indication 
of the rate of envelope variations of the received signal.
In addition to the above mentioned primary statistical information on the narrowband 
channel, secondary statistics such as level crossing rates and average fade durations 
can also be derived from the measurement data. In general the narrowband channel 
may be adequately characterised by the following parameters:
i) Amplitude Distribution
ii) Phase Distribution
iii) Doppler and Fading Spectra
iv) Level Crossing Rate
v) Average Fade Duration
Depending upon the application, relevant characteristics are used to model the 
channel and study the communication system performance. A number of models have 
been suggested for land mobile applications in the past [4-6], [4-7], for useful 
assessment of various narrowband systems. Narrowband channel models for land 
mobile satellite (LMS) applications, as reviewed in Chapter 3, have also been used in 
various simulation studies to evaluate different transmission schemes for the 
envisaged LMS systems [4-8], [4-9], [4-10].
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4.1.2 Wideband Channel Description
The multipath phenomenon not only manifests itself as the fading envelope of the 
received signal (as considered previously for narrowband transmissions), but also 
causes dispersion for wideband transmissions through a mobile channel [4-5]. As a 
result, frequency selective fading occurs which in turn gives rise to signal distortions 
if the information signal bandwidth is greater than the coherence bandwidth of the 
channel. Wideband characterisation becomes necessary in order to gain more insight 
into the channel behaviour if the application involves wideband signal transmission.
For a transmitted bandpass signal SR[,s(r) • gw ] through a multipath channel, the
baseband received signal may be represented in the form
r(t) - ^ a k - s ( t-  rk) €A (4.3)
Jt=0
The variables ak , rk and & represent echo amplitude, time-delay and carrier phase 
shift, respectively, for the fcth propagation path. Eq. 4.3 is a modified version of eq. 
4.2, which takes into account the time delay of individual echo with respect to the 
LOS component reaching the receiver. Strictly speaking mobile radio channels are 
non-stationery i.e., channel characteristics do not remain constant. However, in order 
to simplify characterisation it is assumed that channel is stationery, at least over short 
intervals (spatially or temporally). In general, mobile radio channels can be 
reasonably assumed as Wide-Sense Stationery Uncorrelated Scattering (WSSUS) 
channels [4-11]. Therefore, the knowledge of the complex impulse response of the 
channel provides us with all the necessary information for wideband applications. In 
addition to the amplitude and phase characteristics, the following channel parameters 
peculiar to wideband characterisation, may be extracted from impulse response 
measurements.
4.1.2.1 Time Domain Parameters
1. Power Delay Profile (PDP):
The measurement of received signal power at excess delays relative to 
the LOS or the shortest path gives the power delay profile, p(t J ,  of 
the channel. rk denotes the excess delay of the £th echo observed at 
the receiver. Averaging over a set of N  sample measurements of power 
delay profile (PDP), the average power delay profile is obtained. The
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impulse response, h(r), of the channel is thus embodied in the average 
power delay profile [4-12], as shown below:
^ (0 = X ft(* t)=(|AK)f) (4-4)
( ) indicates ensemble average.
2. Average Delay and Delay Spread:
Average delay, d, is defined as the first moment of the average power 
delay profile with respect to the first arrival delay. Delay spread, j , is 
the square root of second central moment of the average power delay 
profile. It is a measure of delay dispersion due to the channel, which 
can cause signal distortion in analog transmissions and intersymbol 
interference (ISI) in the case of digital systems [4-3]. These parameters 
can be estimated from channel measurements of average power delay 
profile. Average delay is obtained as follows [4-12]
X ^fc)*=i
where M  is the index of the last sample along the delay axis with 
significant amplitude. k=l corresponds to an arbitrarily chosen point 
before the minimum arrival delay rA at which the profile amplitude is 
insignificant. Similarly delay spread is calculated as
s =
-p M
1 p m
Y
(4.6)
Jfc=l
where d is the average delay and other parameters are the same as 
defined earlier.
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3. Echo Path Statistics:
The following parameters derived from echo profiles for amplitude 
and time delays have been successfully used for modelling and 
simulation of the mobile channel [4-2]:
i) Probability of echo path arrival in each delay bin*
ii) Probability distribution of the number of echo paths in 
various excess delay intervals
iii) Probability distribution of the echo strengths in each 
delay bin
iv) Correlation coefficients of echo strengths in 
neighbouring delay bins
The statistics of the above mentioned parameters provide important 
insights into the physical nature of the scattering channel.
4.1.2.2 Frequency Domain Parameters
1. Coherence Bandwidth:
Coherence bandwidth is an important parameter for wideband 
transmission systems. It is a measure of channel bandwidth over which 
the frequency components of a signal exhibit correlated fading 
characteristics. The frequency correlation function of the channel 
appropriate for mobile applications can be defined as [4-11]
R^f) = \\p(xk\ e ^ ' )dt (4.7)
Coherence bandwidth of the channel is the frequency separation, 
A/ = f 2 -  / j , for which the channel correlation function R(Af) 
decreases to an insignificant value (typically 0.5). It is clear from eq. 
4.7 that power delay profile measurements can be used to determine 
coherence bandwidth of the channel and hence no separate 
measurements are necessary.
2. Doppler Spectra:
The Doppler spread is obtained in the same way as described for the 
narrowband characterisation. However, for the wideband case the 
Doppler spectrum can be used to identify major scattering centres 
when correlated with the terrain features of a physical channel. A
:---------------------- ---------------  ■ ~ ““I
j * Delay bin is defined as the incremental excess delay interval Ac
typical approach may be to evaluate Doppler spectrum at various 
excess delays [4-13]. Significant echo amplitudes correspond to and 
hence identify major reflecting surfaces.
4.2 Channel Sounding Techniques
The inherent dependence of mobile channel characteristics on the surrounding 
environment necessitates statistical treatment of various parameters relevant for 
mobile communication system design. In order to achieve this objective it is essential 
to employ an accurate measurement system which enables sufficient information on 
the channel characteristics. Various measurement techniques have been reported in 
the literature for mobile channel applications. A review of narrowband and wideband 
channel sounding techniques follows together with a description of generic 
measurement systems so far used by the experimenters.
4.2.1 Narrowband Channel Sounding Techniques
Narrowband sounding of the channel essentially provides data concerning the 
statistics of carrier amplitude variations. Information related to the signal phase, 
Doppler effects and fading bandwidth can also be obtained by improving upon the 
measurement system [4-14]. While the underlying principle remains the same, 
measurements can be classified into two groups:
1. Narrowband envelope detection
2. Narrowband complex baseband detection
It is obvious that the main difference between the two methods lies in the signal 
detection scheme. The former provides amplitude information only whereas both 
amplitude and phase data may be obtained from the complex detection method. The 
choice of a particular detection scheme depends upon application and scope of 
measurement data.
CW (Single Tone) Sounding:
For narrowband sounding, an unmodulated radio frequency (RF) carrier signal is 
transmitted through the channel. At the receiver, which is usually mobile, the 
resultant signal shows variations in amplitude and phase. The mobile receiver consists 
of a detection system which provides an output in the baseband proportional to the 
received signal. The receiver may involve processing at one or more intermediate
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frequency (IF) stages. The selection of exact IF frequencies depends upon the system 
architecture as well as the RF frequency under consideration.
Envelope detection of the received signal reproduces signal amplitude variations in 
the baseband. The sensitivity of the receiving system is determined by the pre­
detection and post-detection bandwidths. Pre-detection bandwidth is a function of 
envisaged frequency errors in the system. Signal strength variations at the output of 
the detector may follow linear, square or log of the input signal, the choice being 
determined by the conceivable dynamic range of the measurements [4-14]. The post 
detection bandwidth is chosen to accomodate the anticipated rate of amplitude 
variations of the received signal due to multipath fading. Complex baseband detection 
is achieved by coherent quadrature mixing with the incoming signal at an IF stage. 
The implementation involves using a pair of mixers whose local oscillator signals 
have 90° phase difference. Figure 4.1 shows the general architecture of narrowband 
receiving systems.
Envelope
Detection -• Output
RF
Processing Processing
Complex Baseband 
Detection
Figure 4.1: General Architecture of Narrowband Receiver Systems
Ideally for coherent detection and hence accurate phase measurements, both the 
transmitter and receiver local oscillators should be in phase synchronism. In the case 
of mobile measurements, this is impossible. However, the use of a highly stable 
reference source, such as a rubidium frequency standard or modem ultra low phase 
noise oven controlled crystal oscillator, can provide adequate phase accuracy for
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'open loop' coherent detection. Their use permits detection of phase variations 
introduced by the propagation channel and not those dominated by the frequency 
errors in the system [4-11], [4-14]. After detection and appropriate low pass filtering, 
the signal which constitutes the channel response is recorded using a suitable data 
acquisition system. Signal recordings, commonly known as stored channel responses, 
are used off-line for detailed analysis and evaluation of various channel parameters.
4.2.2 Wideband Channel Sounding Techniques
Wideband channel characterisation was discussed in a previous section outlining 
necessary data types for adequate modelling of such a channel. It was indicated that 
for wideband transmissions parameters such as average delay, delay spread and 
coherence bandwidth are useful descriptors to assess the wideband transmissions over 
the mobile channel. The underlying assumption in the case of the narrowband channel 
sounding is that the fading characteristics at a single frequency is representative for 
all frequency components within the actual information signal bandwidth, may not 
hold for signals occupying relatively wide bandwidths. Therefore, for frequency- 
selective channels wideband sounding is essential in order to observe the channel 
influence on wideband signals transmitted through it. Several methods are applicable. 
In the context of mobile applications some well established techniques are discussed 
in the following sections.
4.2.1.1 Periodic Pulse Technique:
As mentioned earlier the mobile channel can be described as a linear time-variant 
filter. Therefore, if such a filter is excited with an impulse, the output (received) 
signal would represent the convolution of the input (transmitted) impulse with the 
channel impulse response. Mathematically this may be written as
where y(t) represents the output of the filter (channel) to the input impulse, 8(t) ,  
with a response function given by h(r ) .
In practice, a near impulse i.e., a short duration pulse, is used for channel excitation. 
Since the mobile channel is time-variant, periodic pulse sounding must be employed. 
This technique is illustrated in figure 4.2 [4-11]. The pulse repetition rate should be 
rapid enough to allow observation of the time varying response due to variations in 
the individual propagation paths. However, this is constrained by the contrasting 
requirement of sufficient duration between successive pulses to ensure that all
(4.8)
o
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significant multipath echoes have been received before the next pulse is transmitted. 
T2, as shown in figure 4.2, represents the duration between consecutive pulses and 
also determines the maximum unambiguous echo-path time-delay. It is the maximum 
delay for which an echo-path can be unambiguously resolved. 7J is the duration of the
pulse. It determines the minimum echo-path resolution. Minimum echo-path 
resolution is the capability of the system to distinguish echo arrivals with differential 
delays. The method allows measurements and observation of the time-varying 
impulse response of the channel in which multipath is the dominant mode of 
propagation.
Figure 4.2: Periodic Pulse Technique
\
A number of studies on the mobile channel have been carried out using periodic pulse 
sounding techniques [4-15], [4-16], [4-17]. One of the earliest reported studies was 
that by Young and Lacy [4-15]. It was carried out at 450 MHz using a pulse of 0.5p. 
sec duration transmitted every lOOpsec. Measurements were performed in the New 
York city. Similarly Turin et. al. [4-16] reported results of a measurement campaign 
in San Francisco at three RF frequencies corresponding to 488 MHz, 1280 MHz and 
2920 MHz. Pulse sounders used in this study had better resolution. 100/isec pulses 
were used which correspond to a spatial resolution of 30m. The most recent study 
using this method has been reported by Rees [4-17]. The measurements were 
performed in Leidschendam, Netherlands. Pulse duration of 200/zsec with repetition 
rate of lOOpsec were employed as a probe to measure channel impulse response. In 
all of these measurements, envelope detection was used in the receiving system. 
Therefore, phase information and Doppler effects were discarded. These effects, as
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described for narrowband measurements, may be obtained by employing coherent 
quadrature detection of the received signal if so desired.
Periodic pulse sounding for impulse response measurements has some inherent 
limitations. Large IF bandwidths are required and hence high transmitter power is 
needed for adequate detection of weak echos. Similarly the wide bandwidth of the 
detected signal makes the data acquisition task difficult in practice.
4.2.2.2 Pulse Compression Technique:
If the output of a linear system with white noise at its input is correlated with the 
delayed replica of the input, then the resulting correlation function is proportional to 
the impulse response of the system [4-11]. If n(t) is the noise input signal, then the
correlation function of input noise signal can be given as
where /^ ( t)  is the autocorrelation function, No is single-sided noise power density 
and 8{t )  denotes the impulse function.
The output of the linear system y(t) is given mathematically as
where h( t ')  represents the complex impulse response of the linear system.
The cross-correlation function of the system output with the delayed replica of input 
(noise) signal is given by
(4.9)
(4.10)
(4.11)
substitutuing y(t) in eq. 4.11 from 4.10 and rearranging
(4.12)
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using eq. 4.9,4.12 become
= j * ( 0  •*,,(!?- tV t'  (4.13)
alternatively eq. 4.13 can be written as
K,,(ri) = Nl,jh(r')S(ri-r)d'c' = N<>h(ri) (4.14)
Therefore, in principle, it is possible to estimate channel impulse response by using 
white noise and some form of correlation processing. In practice it is impossible to 
generate pure white noise. However, it is possible to employ some deterministic 
signals having noise-like characteristics. Pseudo-random maximal-length binary 
sequences (m-sequences) are the widely known signals to possess such desired 
properties [4-11]. m-sequences can be conveniently implemented using linear 
feedback shift registers. The sequence repeats itself periodically and therefore the 
autocorrelation function of periodic m-sequence is periodic as well. The period, T, of 
an m-sequence is determined by the sequence length, m, and clock period, t0. The 
length of the sequence, m, depends upon the number of binary stages used for its 
generation. For an n-stage linear feedback binary shift register implementation, the 
resulting sequence length is
m = 2" -1  (4.15)
Therefore the sequence period, T, is
T = m-tc = {2 "-l)-tc (4.16)
For channel sounders employing m-sequences, the maximum unambiguous echo-path 
time-delay depends upon the sequence length, m, whilst the clock period determines 
the minimum distinguishable echo-path difference.
The pulse compression or cross-correlation technique has been successfully used in 
several wideband mobile channel studies. In terms of practical implementation, apart 
from other methods, the so-called swept time-delay cross-correlation (STDCC) or 
sliding cross-correlation (SCC) approach has been most preferred and widely 
adopted. The earliest impulse response measurements made using this method were 
carried out by Cox [4-12], [4-18]. In these experiments a 511-bit m-sequence was 
used at a chip rate of 10MHz, therefore giving a resolution of 0.1|isec (corresponding 
to the spatial resolution of 30m). In the transmitter the sequence phase-reversal 
modulated the IF at 70MHz. This IF modulated signal would then be translated to the
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radio frequency of the sounder, 910MHz, by mixing with a local oscillator carrier at 
840MHz. All frequencies being stabilised by a reference source at 5MHz. At the 
receiver side, an identical 5MHz frequency source stabilised all frequencies in the 
system. At the front-end the received signal was processed down to 70MHz in an 
identical fashion to that used in the transmitter. At the IF stage the signal was split 
into two components using a quadrature hybrid and applied to separate correlators. In 
each correlator, m-sequences identical to that used in the transmitter were generated 
to phase-reversal modulate the 70MHz carrier. The only difference was that the 
receiver m-sequences were clocked at a slightly lower rate of 9.998MHz. Outputs of 
the correlators constituted detected signal in quadrature components. Figure 4.3 
illustrates the system schematic.
The difference in clock rates for m-sequences used at the transmitter and those at the 
receiver lengthens the period between successive correlation peaks produced in time. 
The inherent time-scaling of this method results in bandwidth reduction of the output 
signal reducing complexities associated with any further processing to facilitate signal 
recording in real time.
Several other experimenters employed essentially similar correlation-based sounders 
for wideband mobile channel studies [4-4], [4-19]-[4-21] at various RF frequencies. 
In the UK results from a wideband measurement campaign at L-band, applicable to 
high elevation angle land mobile-satellite channels, have been reported recently in 
which the same sounding technique was used [4-22].
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Figure 4.3: Block Diagram of Wideband Sounder used by Cox
4.3 Conclusion
Various aspects of the narrowband and wideband characterisation of the mobile 
channels have been discussed. Important and necessary data types for such purposes 
have also been identified. The narrowband description essentially highlights the 
amplitude and phase characteristics of the channel. Therefore, in order to obtain 
information on other channel features such as coherence bandwidth, delay spread etc., 
wideband characterisation becomes inevitable. An overview of the underlying 
principles of narrowband and various wideband channel sounding techniques, and 
related sounder designs, have been included. This provides the rationale for the 
narrowband sounders' design adopted for the high elevation angle multiband 
measurement campaign for the LMS channel as part of this study.
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5
Experiment Design for Multiband 
Propagation Campaign
This chapter investigates high elevation angle satellite sources for the multiband 
measurement campaign. Various alternatives will be discussed in this respect. The 
choice of frequencies and the multiband sounder design will be discussed with 
particular reference to its suitability for the proposed measurements. The important 
aspects of the experimental configuration will also be considered so that the channel 
data generated as a result of such a campaign should lead to a statistical 
characterisation at high path elevation angles with reasonable confidence.
5.1 Signal Sources
In setting up a propagation measurement campaign, the most important element of 
consideration is a signal transmission source. For satellite applications an in-orbit 
satellite transmitting signals at the desirable frequency and in the appropriate format 
constitutes, what is believed to be, an ideal situation. For the land mobile case, the 
satellite elevation angle at a particular geographical location is also a very important 
consideration. This has been discussed in detail in Chapter 3. For this particular study, 
the path elevation angle of the transmitting source was taken as a prime parameter 
with a view to further examining its influence on signal degradation for LMS 
systems. More specifically it was intended to acquire data at elevation angles above 
60°, for which hardly any data exists to date at any frequency likely to be used for 
current and future LMS applications. Therefore, in order to find a suitable satellite 
signal source, the following points had to be considered carefully:
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1- Frequency (or frequencies) of transmission available from a 
satellite.
2- Elevation angle or the range of elevation angles at which such a 
satellite is visible.
5.1.1 Frequency Considerations:
WARC(MOB)'87 allocated limited L-band spectrum to LMS services. Before the 
conference a total of 61 MHz was available to maritime and aeronautical satellite 
services. The new allocations for LMS applications were made from within existing 
allocations for aeronautical mobile-satellite service. Bands of 4 MHz in each direction 
(1555-1559 MHz; down-link and 1656.5-1660.5 MHz; up-link) were allocated 
exclusively for LMS services. In addition 3 MHz, in each direction, was to be shared 
with the maritime mobile-satellite services (1530-1533 MHz; down-link and 1631.5- 
1634.5 MHz; up-link). Ka-band spectrum in the range of 19.7-20.2 GHz was also 
made available, on a secondary basis, for down-links in LMS applications. These 
allocations were, however, always thought to be insufficient in anticipation of the 
growing interest and demand for LMS services [5-1]. WARC-'92 was therefore 
expected not only to retain existing L-band allocations but to make available 
bandwidths from higher bands, especially at S-band in the region of 1-3 GHz.
In view of such considerations, this study started with the requirement of high 
elevation angle propagation data at L-band as well as other likely bands. A 
simultaneous multiband propagation campaign, therefore, would have served more 
than one purpose. In attempting such an experiment or series of experiments, 
characterisation of the LMS channel behaviour at different frequencies was in itself a 
major objective. At the same time it would have provided a basis for scaling methods 
extending over several frequency bands. LMS propagation experiments employing 
UHF and L-band frequencies, simultaneously, had already been successfully carried 
out resulting in useful information on comparative channel characteristics. The study 
on the feasibility of carrying out narrowband and wideband measurements for the 
LMS channel was undertaken for the European Space Agency (ESA) [5-2], involving 
frequencies broadly lying in the following bands:
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• L-band (1.5 GHz)
• S-band (3 GHz)
• C-band (4/6 GHz)
• Ku-band (11/14 GHz)
• Ka-band (20/35 GHz)
A thorough investigation into the feasibility of such an experiment was carried out. 
High path elevation angle (above -50°) to the transmitting source was taken into 
consideration as a crucial determinant. A summary of important findings and the 
resultant choices for this study are presented in the following sections.
5.1.2 Satellite Sources:
Various satellite sources were considered for narrowband and wideband 
transmissions. The suitability of each source was determined with respect to the 
following parameters
i). Visibility at high elevation angles
ii). Other technical aspects; such as signal characteristics, antenna and 
receiver design considerations.
Geostationary satellites would appear an attractive option for such a propagation 
experiment. But the elevation angles at which these satellites are visible at mid-to- 
high latitude areas, e.g., most of Europe, virtually rule out their use. Typical elevation 
angle at Guildford to geostationary satellites is at best about 30°. Therefore, it was 
apparent that satellites in appropriate non-geostationary orbits with suitable 
transmission signals would have to be considered. A computer program was used to 
generate orbit predictions from the orbital parameters of various satellites. The pass 
predictions, included range distances, elevation angles, azimuth bearings etc. as a 
function of time. The time increment for which the above information was available 
for any satellite pass was a flexible option for the user. Details of the program and 
information on orbital parameters used for various satellites are available in [5-2], [5-' 
3]. Different satellites were considered during the study for both narrowband and 
wideband transmissions. Results from the visibility and technical viability analyses 
are described below.
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t- Narrowband Transmissions:
1 Visibility:
Several non-geostationary orbit satellites transmitting in L and S bands 
were initially considered for suitable visibility over Guildford. Table I 
contains the summary of the visibility analysis for different satellites 
along with their transmission frequencies considered to be of interest.
SATELLITE FREQUENCY(MHz)
AVAILABILITY
(hr:min)
OSCAR-13 2400.66 33:49
NO A A-10 1698.00 1702.50
1707.00
00:29
UoSAT-2 2401.50 00:23
UoSAT-1 2401.00 00:13
Table I: Total availability of satellites in a calendar month over Guildford above 55°
It was clear from the initial investigations (Table I) that the only 
possibility for further consideration was OSCAR-13. It appeared to 
fulfil the visibility requirements for sufficient durations. For the fixed 
satellite systems, propagation data over long durations must be 
collected to characterise the channel adequately, thereby incorporating 
the effects of long term variations in different atmospheric layers. In 
contrast, since for mobile applications the events of interest depend 
upon the immediate vicinity of the mobile. Keeping this in view, 
statistically meaningful characterisation is possible with limited 
measurement data, provided measurement sites and routes are carefully 
chosen. Therefore channel measurement data collected over a few 
hours (depending upon the mobile speed and the distance travelled), 
uniformly covering all elevation angles of interest in various 
environments was considered adequate [5-2], and has been an 
approach widely adopted for other mobile studies. This approach can 
then be extended to include various geographical regions (such as 
different places in Europe) to enhance confidence in the measurement
1 In all cases the satellite visibilty referred to here corresponds to visibility above 50° elevation
unless otherwise mentioned.
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data. An average visibility duration of about 1 hour per satellite pass 
was considered to be essential in order to allow the collection of 
meaningful propagation data. In the case of a non-geostationary 
satellite, as considered here, such a visibility interval would have 
provided the propagation data of non-uniform durations at various 
elevation angles of interest during each pass. The experiment, 
however, can be repeated several times to accumulate enough data for 
each elevation angle range under various channel conditions. Further 
investigations were therefore carried out for detailed visibility features 
of OSCAR-13. Because of the nature of its orbit, OSCAR-13's daily 
visibility varies periodically as shown in figure 5.1. Figure 5.2 shows 
OSCAR-13's appearance, in a visibility cycle, as a function of 
elevation angle over Guildford. It demonstrates the usefulness of 
OSCAR-13 as it appears over a wide range of elevation angles for 
sufficient durations. This led to a further study of the technical aspects 
of the OSCAR-13fs S-band beacon, and its suitability for LMS channel 
measurements.
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Figure 5.1: OSCAR-13 daily visibility over Guildford
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Figure 5.2: OSCAR-13 availability over Guildford as a function of Elevation Angles
Technical Considerations:
OSCAR-13 has a number of transponders operating at various 
frequencies. The Mode S transponder was of interest since it had a 
down-link at about 2.4 GHz, with a total bandwidth of 35 MHz. The 
total power of 1 W fed to a (13 cm, 5 turn) 10.5 dB gain right-handed 
circularly polarised antenna amounted to total available e.i.r.p of 10.5 
dBW from the Mode S transponder. As with other transponders, it 
could transmit two beacons, one at a time. The Engineering beacon of 
400 bits/s BPSK data only and the General beacon of either 400 bits/s 
BPSK or CW or ranging transmissions. All transponders followed a 
schedule for their operation, which in turn depended upon the ’satellite 
attitude' [5-4]. The attitude was determined by the satellite antenna 
pointing from the space. This information was used to calculate the 
boresight direction of the antenna with respect to the user on the 
ground, a parameter called 'squint'. The squint was defined as the angle 
between the unit vector along the antenna boresight axis and a unit 
vector along the range distance, between the satellite and the observer 
on the ground. Examples of squint angle calculations for Guildford are 
contained in the appendix of [5-3].
Suitability of OSCAR-13:
Although OSCAR-13 was found to provide the desired visibility for 
adequate durations, it was its technical suitability for mobile 
propagation measurements that required greater consideration. Limited 
available power on-board the satellite indicated inadequate dynamic 
range for the measurements. Larger dynamic range could have been 
possible at relatively shorter range distances, since pass predictions 
confirmed large variations in the range distance as the satellite 
traversed its orbit. It was estimated that the satellite could provide a 
dynamic range of about 8-10 dB at the maximum range distance with a 
non-tracking antenna of 10 dBi nominal gain [5-2]. Higher dynamic 
ranges at shorter range distances were examined [5-3], but the resultant 
visibility durations were unsatisfactory. As an example, Table II shows 
the availability of the satellite over it visibility cycle (of 9 days) at 
range distances within 8000 km. Elevation angle variations during 
such visibility windows are also shown.
Range Distance
(km)
Elevation Angle
(deg)
Duration
(min)
8010-6994 71.0-51.3 7.5
8059-5181 59.6-51.8 15.0
8117-5319 73.6-50.5 16.5
8070-5973 87.2-51.9 13.5
Table II: Availability of OSCAR-13 for the desired visibility sections of 
passes over a cycle.
In addition, 'squint angle1 considerations have significant effect on the 
available dynamic range for durations shown above. Squint angles of 
more than 20° could be expected at range distances below 30,000 km, 
as calculated by a program supplied by AMSAT-UK, whilst for 
distances below 15,000 km these values were in excess of 55°. These 
values indicate that a user on the ground is outside of the 3-dB 
coverage of the satellite antenna for durations considered above.
Conclusion of such investigations led to the study of the possibility of 
using an alternative platform for simultaneous multiband 
measurements of the narrowband channel.
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2- Wideband Transmissions:
For wideband measurements only two satellite sources could be identified, both at L- 
band. These satellites belonged to the constellations of NAVSTAR and GLONASS 
navigation systems. NAVSTAR-6 and GLONASS (i.d 16962) satellites were 
investigated for their visibility. Other satellites in the same constellations exhibit 
similar visibility patterns [5-2], although variations in the timings of appearance could 
be expected due to necessary differences in the orbital planes. The GPS (NAVSTAR) 
satellites, being sun synchronous, appeared at the same time of the day each day. 
NAVSTAR-6 provided an average visibility of more than two and a half hours a day 
over Guildford. The distribution of elevation angles versus durations of appearance 
for NAVSTAR-6 is shown in figure 5.3. Similarly the GLONASS (16962) satellite 
provided an average visibility of about 2 hours a day. Daily visibility of GLONASS is 
shown in figure 5.4. Time durations as a function of elevation angles of the same 
GLONASS satellite are as shown in figure 5.5. In conclusion, visibility analysis 
indicated that the GPS and GLONASS satellites were suitable for wideband channel 
measurements.
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Figure 5.3: NAVSTAR-6 availability over Guildford as a function of Elevation Angle
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Figure 5.4: GLONASS daily visibility over Guildford
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Figure 5.5: GLONASS availability over Guildford as a function of Elevation Angle
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Main signal characteristics of both satellite systems are given in the following table 
[5-2].
GPS
(C/A code)
GLONASS
(C/A code)
Chip Rate 1.023 MHz 511 KHz
Code Length 1023 Chips 511 Chips
Bit Rate 50 bps 50 bps
Code Generators 27 1
Frequency 1565.2-1585.7 MHz 1602-1617 MHz
Modulation BPSK BPSK
Table III: Signal Characteristics of GPS and GLONASS navigation systems
It is obvious that the NAVSTAR signal is wider in bandwidth than that of 
GLONASS, therefore could provide a better resolution of multipath components. 
Moreover the availability of more information on the NAVSTAR receiver design was 
considered as an added advantage. A 20 dB dynamic range was expected from a GPS 
receiver [5-2], and was envisaged to be adequate for L-band measurements.
Conclusion:
Visibility analysis showed that OSCAR-13 was the only available option for 
narrowband measurements at S-band. Similarly GPS and GLONASS satellite systems 
were identified as the only possibilities for wideband measurements at L-band. 
However, OSCAR-13 was considered to be risky due to limited available dynamic 
range for the proposed measurements. Therefore, in effect no satellite source was 
available, appearing at the desired elevation angles, for adequate narrowband 
measurements in any frequency band. For wideband measurements, limited choice 
did exist for L-band transmissions only. It was therefore concluded that an alternative 
platform would need to be used to simulate the satellite signals. Such a choice would 
fulfil the multiband requirement of the study as well as facilitate achieving the desired 
elevation angles, but at the cost of added logistic and control problems.
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5.1.3 Alternative Platforms:
Several mobile environment propagation campaigns have been undertaken using 
transmissions from alternative platforms in simulation of an actual mobile-satellite 
link. This approach is particularly useful in situations where a suitable satellite signal 
is not available, which is not unusual for new services. Major sources of signal 
degradation in the LMS channel have been discussed in a previous chapter and it was 
concluded that propagation characteristics are influenced most by the immediate 
surroundings of the mobile. This provides a choice from a number of possible 
platforms that can be used for signal transmission in a mobile propagation 
experiment. The necessary condition is that the radiating source should present a 
planar wave-front to the mobile receiver. The main advantage of the alternative 
platform comes from the flexibility in determining precisely the desired features of 
RF transmission for a proposed experiment. Another benefit, in most cases, is the 
degree of control over path elevation angles, and which is one of the most important 
considerations for this study. Table IV below lists various platforms used by other 
experimenters for LMS propagation studies.
Investigator Year Platform Frequency
(MHz)
Butterworth 1981 Tower 840
Butterworth 1982 Tethered Balloon 840
Butterworth 1982 Helicopter 870
Butterworth 1983 Helicopter 870
Vogel 1983 Stratospheric 869
Balloon
Vogel 1984 Stratospheric 870
Balloon
Vogel/Goldhrish 1985 Remotely Piloted 
Aircraft
870
Vogel/Goldhrish 1985 Helicopter 870
Vogel/Goldhrish 1986 Helicopter 870/1502
Vogel/Hong 1986 Stratospheric
Balloon
870/1502
Vogel/Goldhrish 1987 Helicopter 870/1502
Smith/Gardiner 1988 Light Aircraft 1600
Smith 1991 Light Aircraft 2600
Table IV: Reported propagation studies for LMS channel using alternative platforms
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Some important features of various alternative platforms are discussed in the 
following sections, which provided the rationale for a final choice adopted for this 
experimental study.
1- Towers:
Towers are a simple and cost effective means of obtaining propagation 
data. However, there are some obvious limitations. Different channel 
conditions cannot be easily included to generate a sufficient database 
using a tower, because the available range for measurements is limited. 
Consideration of the requirement for high elevation angles for this 
experiment further limited the range from a tower mounted 
transmitter. The maximum range for a given tower height, h, 
corresponding to the minimum elevation angle of 0 is given as
range = h • cot(0) (5.1)
The free space loss is particularly sensitive to range distance variations 
due to vehicle movements whilst the source is stationary. In addition it 
may be frequently the case that the wave front at the receiver is not 
truly planar because of the rather short distances involved. Therefore 
towers may be regarded as suitable for equipment testing and 
alignment, or limited seasonal measurements for mobile applications.
2- Balloons:
Various types of balloon can be considered to provide closer 
simulation of mobile-satellite link. The mobility of the platform makes 
it possible to collect data over a variety of terrain types. However, in 
most cases, the control over flight paths is minimal. This suggests that 
elevation angles would have to be achieved by careful positioning of 
the mobile with respect to the airborne balloon, which is a formidable 
task. Therefore, continuous monitoring of the elevation angle of the 
platform is essential. Necessary precautions, especially in choosing 
antenna mounts, should be taken to eliminate (or at least minimise) the 
interference in signal transmission by balloon structures. Different 
types of balloon considered as possible choices were as follows:
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i• Stratospheric balloons - highest altitude
• Hot air balloons - medium/low altitude
• Tethered balloons - low altitude
• Airships - medium/low altitude
Stratospheric balloons have been used previously in certain 
experiments [5-5] and can achieve very high altitudes. Flight altitudes 
of the order of 40 km have been reported. Usually the balloon position 
information is available from its control centre. Drift is the main flight 
mechanism involved and hence almost no control can be exercised 
over the direction of flight.
Hot air balloons have not been reportedly used in any propagation 
study for LMS application. Commercial and amateur flights of such 
balloons are normally subject to aviation rules. Normal flight altitudes 
are around 500 m in most places in the UK. It was expected that the 
cost may be low due to the reasonably sizeable hot air balloon industry 
as well as the amateur balloonist community. Further investigations 
revealed that the costs involved are not trivial. The hot air balloon 
hired for a flight could cost in the region of £500-1000 per hour. Flight 
schedules are sensitively dependent upon weather and normally require 
good weather and very low wind conditions. Due to the minimum 
control over flight paths and other points noted above, the flexibility to 
plan the experiment can be-severely restricted.
Tethered balloons are relatively inexpensive but have a limited 
coverage and hence data base.
Airships could prove a good option but the costs involved were 
phenomenal. Airship operators can hardly be found in the UK these 
days. However, subject to availability, the cost could be in the range of 
some tens of thousands of pounds for a lease of approximately one 
calendar month. Aviation rules applicable to airships impose similar 
restrictions to those on hot air balloons. The main advantages from 
such a choice come from the low cruising velocity of the airship and 
its path manoeuvrability. Airships can be flown over any type of 
terrain, an important consideration for the LMS propagation 
experiment. With the airships ability to exercise some control over its
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flight path and altitude, the propagation experiment for LMS 
applications can be adequately planned.
3- Helicopters:
Helicopters have been used successfully in several LMS propagation 
experiments (Table IV). Helicopters can completely manoeuvre their 
flight path, velocity, altitude etc., generally much better than an airship 
and are rather robust to weather conditions. There is no minimum limit 
on speed for a helicopter to fly and therefore, it can hover as well. 
Such mechanical abilities help to achieve various measurement 
geometries efficiently and make the selection of representative routes, 
as desired, extremely convenient in mobile field trials. The costs 
involved were generally found to be comparable to those for hot air 
balloons. Depending upon the type of machine hired, the average cost 
is about £500 per flying hour. Better management of actual field trials 
using helicopters could, in effect, reduce the total cost of hiring a 
platform whilst achieving equivalent propagation data. Regulatory 
aspects were considered to be manageable. It was noted that care 
needed to be taken in antenna siting on the helicopter such that it 
complied with the civil aviation rules and at the same time minimum 
reflections and vibrations were experienced from the helicopter itself.
4- Aircraft:
Light aircraft have been used in some LMS channel studies. The 
database in this case is generally limited due to flight regulations and 
navigation issues. In addition the control over elevation angle 
maintenance is difficult due to large difference in aircraft and ground 
vehicle velocities. Even by carefully chosen flight strategies it is 
generally difficult to maintain the high elevation angles of interest for 
sufficiently long durations. The hiring costs were not investigated but 
were expected to be at least similar to those of hot air balloons and 
helicopters. However, the overall cost of the experiment can be 
anticipated to be higher than that with a helicopter. Moreover, antenna 
mountings on a light aircraft can be more complex primarily due to 
aerodynamic reasons.
Table V compares relative merits and demerits of the use of various alternative
platforms in a mobile propagation experiment [5-2].
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Platform Tower Balloons Helicopter
Tethered Met. Hot Air Airship
Coverage Very
Limited
Limited Large Large Large Large
Elevation 
Angle Control
Very
Limited
Limited Limited Limited Good
Control
Full
Control
Transmission As As As As As As
Aspects Required Required Required Required Required Required
Simulation
Accuracy
Limited Limited Closest to 
Satellite
Close to 
Satellite
Close to 
Satellite
Close to 
Satellite
Logistics!
Regulatory
Minimum Minimum Complex Complex Manageable Manageable
Cost Minimum Low - Medium High Medium
Table V: Relative merits and demerits of various alternative platforms
5.2 Frequencies and Signal Transmission
It became quite clear from the investigations that no appropriate satellite signal was 
available for narrowband mobile propagation measurements in any of the desired 
frequency bands. Although wideband transmissions were researched for the ESA 
study, these were outside the scope of this particular project. However, even for 
wideband measurements only the GPS signal in L-band was considered to be 
adequate. Therefore the use of an alternative platform was thought to be inevitable for 
multiband LMS measurements at high elevation angles. The final choice of 
experiment frequencies and transmission platform are now discussed.
5.2.1 Experiment Frequencies
The frequency requirements for a high elevation angle LMS channel propagation 
experiment have been described previously. Careful consideration was given to the 
final selection of frequency bands for the narrowband measurement campaign. Due to 
the already existing L-band allocation for the land mobile satellite services, there was 
tremendous interest in the high elevation angle data for this band. S-band allocation 
for mobile satellite services (MSS) also existed on a limited basis, but there were 
strong speculations for more allocations in this band by the WARC-'92 [5-1], [5-6]. 
Recent WARC-’92 decisions have resulted in a number of S-band allocations for 
MSS, especially facilitating LEO systems implementation. Similarly the 
OmniTRACS system operations in the USA generated considerable interest in the Ku- 
band. OmniTRACS uses secondary allocation in the Ku-band for mobile up-links and 
provides a two-way low data rate service. In Europe, EUTELSAT became involved
9 1
in testing the OmniTRACS system for European applications. The results of the 
communication trials, which were conducted in a number of European countries such 
as Italy, Spain, Switzerland, United Kingdom and Netherlands, and in a variety of 
environments were encouraging [5-7]. The trial statistics on message throughput rate, 
message re-transmission counts etc. demonstrated the possibility of successful 
operation of such a system. Therefore it was decided to consider Ku-band frequency 
as well, in addition to L and S-band frequencies for the proposed LMS narrowband 
channel sounding experiment.
Since the transmissions were to be employed in an uncontrolled1 environment and 
from above the ground, necessary licensing procedure had to be followed. Such an 
exercise is only authorised in the UK by the Department of Trade and Industry (DTI) 
through its Radiocommunications Agency (RA). RA can allow, restrict or refuse any 
or all frequencies and hence issue or decline a testing and development (TAD) 
licence. As a matter of routine only certain limited frequency slots including those for 
amateur use are considered for TAD licences. Under these circumstances the final 
choice of experiment frequencies depended, to an extent, upon the approval granted 
by the RA. Due to the close proximity of amateur allocations within L, S and Ku 
bands and in view of reduced effort required as a result for transmitter and receiver 
development, the use of amateur frequencies or those available in close proximity was 
preferred. RA issued TAD licences authorising the use of following frequencies for 
the experiment:
RA Allocations Experiment
Frequencies
Summer '91 Spring '92
L-band 1296-1298 MHz 1296-1298 MHz 1297.8 MHz
S-band 2445-2455 MHz 2320-2322 MHz 2450 MHz -Summer VI 
2320 MHz -Spring V2
K„-band 10.368-10.370 GHz 10.368-10.370 GHz 10.368 GHz
Table VI: Choice of Experiment Frequencies
For the second phase of measurements (Spring ’92) the S-band frequency had to be 
modified slightly since the previously used S-band frequency was not authorised.
2 The controlled environment is referred to as the use within a laboratory.
92
5.2.2 Alternative Platform for the Experiment (
The discussion on possible different alternative platforms for a propagation 
experiment of this kind clearly indicated that a helicopter would be the best choice. 
However, during the initial planning stage of this campaign an amateur balloonist 
offered his services to fly for the experiment. Therefore a hot air balloon was 
seriously considered as a possible choice. A flight system was developed and a test 
flight conducted, but it was concluded that the accuracy required by the experiment 
could not readily be provided by the balloon and thus the option was abandoned. 
Instead a small helicopter was envisaged as the only sensible option. The situation of 
a number of small airfields around Guildford allowed a detailed search for a suitable 
type of helicopter which best matched the experimental requirements. The Robinson 
R22 helicopter was found to be well suited to the requirements of this experiment. It 
is a small two-seater helicopter with an appropriate outside structure to which the 
transmitting antennas could be attached with minimum complexity.
5,3 Communication Hardware Design
A number of considerations had to be taken into account at the design stage of the 
multiband transmitter and its corresponding receiver system. Investigations into the 
design of a multiband sounder for complex narrowband measurements suggested that 
highly stable and low phase-noise frequency sources would be required if proper 
channel phase measurements were to be performed [5-2], [5-8]. Such a requirement 
exceeded the financial range of the project. As a result the experiment had to go 
ahead with only amplitude measurements of the channel; a relatively more important 
parameter. With the availability and authorisation of the use of amateur frequencies, 
the design and implementation exercise became simple as some commercially 
available and cheap modules could be incorporated into the implementation. 
Therefore the S and Ku band transmitters and receiver front-ends were implemented 
using modules obtained from SSB Electronic, Germany. The L-band system was 
implemented in-house, the design being constructed in the Electronic workshops 
within the department. Similarly L and S-band antennas were designed and 
implemented in-house whilst Ku-band antennas were acquired from Anglia 
Microwaves, Essex.
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5.3.1 Multiband Transmitter
The salient features of three separate tone generators are discussed below:
1- L-band Signal:
A 108 MHz crystal was used as a reference source. Its output was 
multiplied up and amplified in three stages to obtain a lOOmW signal 
at 1297.8 MHz.
2 -S-band Signal:
The S-band signal was derived from an SSB supplied module, STM- 
13. This used a crystal oscillator at 102 MHz as reference. Its output, 
when multiplied up by a factor of 24 in 4 stages resulted in a signal at 
2450 MHz with lOmW output power. A linear power amplifier with a 
conversion gain of 15 dB then amplified the signal power to 300mW.
For the second phase measurements, the reference crystal oscillator 
was altered (from 102 to 96 MHz) to obtain an output signal at 2320 
MHz.
3- X„-band Signal:
Two SSB modules, XLO-1 and XTM, were used to generate the signal 
at 10.368 GHz. XLO-1 was tuned for an output of lOmW at 2592 
MHz and used a reference crystal oscillator at 108 MHz. A four stage 
multiplier converted the 108 MHz signal to the output frequency of the 
XLO-1 i.e., 2592 MHz. Using the output signal of the XLO-1 as the 
input, XTM employed multiplication and amplification to output a 
lOOmW signal at 10.368 GHz.
Figure 5.6 shows the transmitter architecture of L, S and Ku-band signals. The 
frequency sources used in the implementation had stability better than 10 ppm against 
temperature variations in the range of 5-30°C.
The S and Ku-band modules, apart from XTM, were individually tested in the lab 
using a spectrum analyser. This was intended to be a preliminary check on the 
performance specifications, which were found to be well within satisfactory limits. 
The Ku-band signal, the final output from XTM at 10.368 GHz, was checked using a 
different spectrum analyser with appropriate operating frequency range. Since the 
equipment was old and not properly calibrated, the power level could not be 
ascertained accurately. However, the signal frequency and spurious components were
94
3
1
w
CO
■s
*8S=1
£
s2 §
o  
«g * sc5 CO
i
i €| IArH5
J0S3
HI-------- 3
e
«
£  '
1
o fe
8  ' S
CO
o ’
rH
8rH
$
J3
*a H122 X
S
O*LOCQ
1
L
95
Fig
ur
e 
5.6
: 
Tr
an
sm
itt
er
 
Ar
ch
il
found to be satisfactory. Since the multiband transmitter was to be flown on-board a 
helicopter, all of these modules were appropriately connected, and placed together 
with the L-band transmitter in an RF shielded box adopting necessary precautions 
against vibrations. The power-up connections of the three transmitters were carefully 
brought together to facilitate simultaneous operation from a lead acid battery of 
adequate power rating. The whole arrangement was again tested in the lab for proper 
operation of all frequency transmitters and to ensure that there was no interference 
from one to another. Spurious components in all cases were well below the specified 
-35 dB minimum. To provide sufficient cooling, a small blower fan was attached to 
the box with its power connections properly earthed. Figure 5.7 shows the laboratory 
tested transmitter output signals at L , S and Ku-band for simultaneous operation.
5.3.2 Multiband Receiver
The L-band receiver was built separately from the S and Ku-band receivers. This was 
due to the fact that the front-ends of the latter two were implemented using SSB 
modules. Therefore, the design of the L-band receiver is slightly different from those 
at S and Ku bands. Since the receiver design is often of particular interest in mobile 
propagation experiments, the three receiver designs are presented to validate their 
suitability to the proposed measurements.
1- L-band Receiver:
In figure 5.8 we show the receiver schematic used for the L-band 
receiver. At the front-end, the received signal is amplified by a low 
noise amplifier (LNA). Its output is the down-converted signal at the 
first intermediate frequency (IF) of 145.8 MHz. The front-end design 
noise figure was 2 dB. After passing through a band-pass filter, the 
received signal is further down-converted to the second IF at 10.7 
MHz. At this stage the signal is again amplified by a 30 dB IF 
amplifier and filtered by a 30 KHz IF filter before being envelope 
detected. A log detector was employed to ensure proper operation of 
the receiver over a wide dynamic range. An NE604 log detector, used 
for this application, was specified to operate linearly over a dynamic 
range of 90 dB. Finally the detected output is passed through a sharp 
roll-off low pass filter (LPF). This anti-aliasing filter was used to 
enable real-time digitisation for analog-to-digital conversion (ADC) of 
the received baseband signal [5-2]. The filter characteristics, 3-dB cut­
off frequency and the transition band, of such a filter were important in 
determining the sampling rate for ADC. For mobile applications the 3-
9 6
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(b) S-band signal
(c) Ku-band signal 
Figure 5.7: Transmitter signals
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dB cut-off frequency is determined by the maximum expected fading 
rate, which in turn depends upon the mobile velocity and the RF 
frequency. In the L-band receiver the anti-aliasing filter was 
implemented to have 3-dB cut-off at 155 Hz, allowing mobile speeds 
up to 80 mph. The filter characteristics are shown in figure 5.9.
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Figure 5.9: Anti-aliasing Low Pass Filter characteristics used in L-band receiver
2- 5-band Receiver:
The front end of the S-band receiver was implemented using modules 
from SSB. However, the IF receiver was designed and builjf in-house. 
Figure 5.10 shows the detection scheme for the S-band signal. Two 
modules constituted the front-end of the receiver. XLO-1, generated a 
local oscillator signal at 2312.5 MHz which was fed to UEK-13. UEK- 
13 consisted of a low noise amplifier and a mixer. The noise figure of 
the module was specified to be a maximum of 2.5 dB with an overall 
gain in the range of 20-22 dB. The combination of XLO-1 and UEK- 
13 down-converted the received S-band signal to the first IF at 137.5 
MHz. Similar IF receivers, at 137.5 MHz, were used for S and Ku 
bands signal detection, which will be described later.
For the second phase of measurements, to detect the S-band signal at 
2320 MHz, instead of 2450 MHz, the XLO-1 crystal oscillator was
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tuned to obtain an appropriate local oscillator signal to achieve down- 
conversion to the first IF. The rest of the receiver architecture 
remained essentially unchanged.
3- Xtt-band Receiver:
The receiver architecture for Ku-band signal detection is depicted in 
figure 5.11. SSB modules XLO-1 and XRM provided the front-end of 
the receiver. XLO-1 in this case had an output signal frequency at 
2557.625 MHz which served as the local oscillator signal to XRM, to 
down-convert a 10.368 GHz received signal to 137.5 MHz. The XRM 
architecture was similar to that of the UEK-13, except for an additional 
multiplier stage for the local oscillator signal. XRM specifications 
included an LNA noise figure of 3.5 dB (maximum) and conversion 
gain of about 18-20 dB. The output of XRM, at the first IF of 137.5 
MHz was then fed to the IF receiver for baseband detection.
4-137.5 MHz IF Receiver:
The general architecture of this IF receiver, as shown in figure 5.12, is 
similar to that used for L-band detection. The 137.5 MHz IF signal is 
first down-converted to the second IF at 10.7 MHz. After amplification 
by a 30 dB IF amplifier, the signal passes through a 50 KHz IF filter at 
10.7 MHz. The output of the filter is then detected by a similar 
envelope detector as used for the L-band receiver. The characteristics 
of sharp roll-off LPFs implemented for S and Ku-band detected 
outputs were obviously different. The 3-dB cut-off frequencies of the 
anti-aliasing LPFs were chosen to be 295 and 360 Hz, respectively for 
the S and Ku-band detector outputs. The S-band receiver, using anti­
aliasing LPF with the 3-dB cut-off at 295 Hz was capable of following 
envelope variations due to all multipaths for mobile speeds up to 80 
mph. On the other hand the Ku-band filter bandwidth was kept narrow 
in view of the practical considerations for the sampling rate, the 
amount of overall data generated and its storage issues. Such 
considerations are addressed in a later section. Nevertheless the Ku- 
band receiver was capable of resolving envelope fading due to 
reflections occurring at elevation angles above 60°, for mobile speeds 
up to 45 mph. The anti-aliasing LPF filter characteristics for S and Ku 
band receivers are shown in the figures 5.13 and 5.14, respectively.
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Figure 5.13: Anti-aliasing Low Pass Filter characteristics used in S-band receiver
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Figure 5.14: Anti-aliasing Low Pass Filter characteristics used in Ku-band receiver
The receiver systems were also to be used in the mobile conditions, therefore, all 
three receivers were enclosed in a rigid enclosure, with proper shielding to avoid any 
cross-talk, especially at IF stage. The receivers were powered-up in much the same 
manner as the transmitters, from a lead acid battery separate from the vehicle ignition
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system. Signal strength indicators were attached to the outside of the receiver- 
enclosure for visual aid to monitor proper operation of each receiver during 
measurements. All receivers were tuneable over a narrow range for proper alignment 
to the transmitted signal frequency. This facility was available due to the use of 
voltage-controlled crystal oscillators in the local oscillator modules. The detected 
output signal varied logrithmically in relation to the received input RF signal. 
Receiver calibrations indicated almost linear operation corresponding to input signal 
power in the range from about -120 dBm to -50 dBm. Calibration curves of the 
receivers, used in the data analysis, are shown in Chapter 6 which depict their output 
linearity.
5.3.3 Antennas
In any propagation measurement for mobile applications the choice of antennas 
contribute to the channel measurement results to a significant extent. For this 
particular channel study, since the main interest was in communication at high 
elevation angles, antennas with non-omnidirectional patterns were considered to be 
better suited [5-2]. However, the requirement for broad beam widths was recognised 
due to the following reasons:
• at the transmitter, because of the shorter range the broad beam 
antenna was expected to closely simulate a satellite scenario by 
illuminating the entire vicinity of the mobile.
• at the receiver, a broad beam antenna would alleviate the need for 
pointing.
Various antenna options were considered with regard to the following factors:
• simple and cost-effective design and construction.
• antenna mounting requirements, especially on the helicopter which 
was used as a transmitter carrying platform.
It became quite clear that helical antennas would be an appropriate choice at L and S 
bands in view of the above considerations. Axial mode helix antennas are simple in 
design and implementation, and adequately wide beam patterns are also possible with 
proper design. Therefore L and S-band antennas were designed and built in-house. 
The Ku-band antenna design needed further investigations. The microstrip patch 
antenna noted for its low profile, simple construction, minimum cost and relative ease 
of mounting appeared an attractive choice. However, despite a thorough design and 
implementation exercise, a microstrip antenna at Ku-band could not be realised with 
the desired radiation pattern characteristics. As a second choice, horn antennas at such
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frequencies had been recommended during the feasibility study [5-2]. A search 
resulted in finding the available horn antennas at Ku-band with the desired gain 
function specifications.
The L and S-band helical antennas were constructed using simple designs from Kraus 
[5-9]. The design procedure to obtain maximum half power beamwidth was followed. 
This resulted in a 4-tum (minimum allowable by the design) axial mode monofilar 
helix antenna. The physical dimensions of the antennas at the two frequencies were, 
of course, different. The 3-dB beamwidth as predicted from the design should have 
been about 78°, but the actual measured beamwidth came out to be nominally 64°. 
Similarly the design value for the boresight gain was about_5 dB. Since no 
appropriately calibrated antennas for either L or S-band were available at the time of 
testing at ERA, actual gain measurement could not be performed. However, the 
adjusted gain value was expected to be in the region of about 8 dB. Since the same 
design and implementation methods were used, the radiation patterns of both L and S- 
band antennas could be expected to be similar. Typical measurement patterns are 
shown in figure 5.15. The antennas were constructed to transmit and receive right 
hand circularly polarised signals.
For Ku-band horn antennas, requirement of nominal 3-dB beamwidth of 80° was 
specified. The horn antennas, supplied by Anglia Microwaves, used polarisers to 
generate right hand circular polarisation. Although the test results were not supplied, 
it was understood, according to the manufacturer's data, that the implementations 
would provide a nominal 3-dB beamwidth of 80° with a boresight gain of about 6 dB. 
In an attempt to estimate the radiation pattern of the horn antennas, a laboratory test­
bench arrangement was used. The results are shown in figure 5.16.
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Figure 5.15: Radiation pattern measurements
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Figure 5.16: Estimated Radiation Pattern of Horn Antenna
5.4 Link Budgets
Link budget analysis, for L, S and Ku-band signals, presented here indicates that 
enough dynamic range was available at each frequency to carry out satisfactory 
measurements.
1- L-band:
Transmit e.i.r.p = 21.3 dBm
Transmit e.i.r.p 
(at 30° depression angle)
= 18.3 dBm
Receiver G/T 
(at 60° elevation angle)
~ -24.5 dB/K
IF bandwidth = 30 KHz
Free space loss 
(worst case; 60° elevation)
= -90 dB
Polarisation mismatch = -1.5 dB
Worst case C/N 
(unfaded)
= 52.4 dB
estimated maximum
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2- S-band:
Transmit e.i.r.p
Transmit e.i.r.p 
(at 30° depression angle)
Receiver G/T
(at 60° elevation)
IF bandwidth
Free space loss 
(worst case; 60° elevation)
Polarisation mismatch
Worst case C/N 
(unfaded)
25
22
50
-95.5
-1.5
47.2
dBm
dBm
-24.7 dB/°K
KHz
dB
dB
dB
estimated maximum
3- Ku-band:
Transmit e.i.r.p
Transmit e.i.r.p 
(at 30° depression angle)
Receiver G/T 
(at 60° elevation)
IF bandwidth
Free space loss 
(worst case; 60° elevation)
Polarisation mismatch
Worst case C/N 
(unfaded)
16
13
50
-108
- 0.2
21.6
dBm
dBm
-25 dB/°K
KHz
dB
dB
dB
estimated maximum
It is worth mentioning that the link budget calculations given above correspond to an 
estimate for worst case scenario3. Furthermore these calculations were made using 
various design figures such as feeder losses, receiver noise figures etc., obtained from 
manufacturer's data at the maximum specified levels. It is apparent that the 
measurement dynamic range available for L and S band signals was excellent, while 
it was reasonably good for Ku-band signal. However, during the field tests C/N of 
unfaded signals, at all three frequencies, was found to be better than the figures
3 Worst case scenario is reffered to as the measurement geometry when the elevation angle at the 
mobile receiver is 60°
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shown above. As an example, the unfaded C/N at Ku-band for the worst case 
geometry was better than 29 dB as compared to about 22 dB obtained from the above 
calculations. (See figures 6.8, 6.9 and 6.10)
5.5 Data Acquisition
The main experiment data were the three receivers' outputs representing fluctuations 
due to the channel between the transmitter and mobile receiver. Such information, 
together with some auxiliary data, needed to be acquired and stored properly to 
facilitate off-line analysis. Two approaches have generally been adopted in most 
channel studies:
• analog or digital tape recordings
and
• direct storage using a personal computer (PC)
The data from tape recordings are (digitised, if analog, and) transferred to a suitable 
computer system for analysis. The advantage of this technique is simplicity of (signal 
recording) operation in the mobile conditions as well as the ease in correlating the 
auxiliary data such as voice commentary, if used, with the main data during the 
analysis procedure. Longer durations of measurements are possible without 
interruption.
Data acquired directly onto computer disks eliminates the intermediate step of 
digitising and data transfer. It offers a cost-effective and simple, but less flexible, 
alternative. However, in mobile conditions such an arrangement requires extra 
protection against vibrations to ensure smooth and flawless operation.
For this experiment the second technique of data acquisition was adopted. Figure 5.17 
depicts the data acquisition scheme.
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Figure 5.17: Data Acquisition set-up used in the experiment 
5.5.1 Data Acquisition by PC:
It is clear from figure 5.17 that data acquisition using a personal computer (PC) 
requires two basic elements:
• an interface for physical connection
• real time software to enable a PC to acquire and store 
data
The interface is usually made through circuitry essentially performing analog-to- 
digital conversion (ADC). A number of different types of interface circuits and 
control software products are commercially available for various applications. For 
this experiment the necessary requirement was for an interface card which could 
handle multiple inputs at medium conversion rates.
Data Acquisition Interface:
Data Translations' DT2801 interface card was used in the data 
acquisition set-up of this experiment As with any other commercially 
available card, it could be plugged into an available system slot of the 
PC back-plane. DT2801 can handle up to 16 single-ended inputs or 
alternatively 8 differential inputs. It provides 12-bit resolution in ADC. 
The maximum throughput rate specifications allow data transfer up to 
a total of 13.7 KHz. The facility of variable sampling of different 
channels is not available with DT2801. The option for internal or 
external clock is available for handling the ADC operation. The 
internal clock is generated on-board, whilst depending upon particular 
applications, clock signal external to the board may be used as well. 
The on board amplifier can be programmed to provide variable gains 
at the input for proper ADC. The gain ranges from 1 to 8, in steps of 1,
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2, 4, and 8. Unity gain matches input signal in the range of 0-10 volts, 
similarly gain of 8 corresponds to the input signal range of 0-1.25 
volts.
Most parameters such as amplifier gain, channel selection, choice of 
clock signal and its period, channel sampling frequency etc., are 
programmable. Jumper settings, however, should be appropriately 
selected for single-ended or differential inputs.
Acquisition Control Software:
Although DT2801 can be used in conjunction with some BASIC 
commands, support software is available for efficient use and 
operation. Data Translations' software, GlobalLab, was used during the 
experiments because it supported all DT2801 functions and was 
capable of handling fast data transfers, a feature needed due to the 
requirement of multiple channel sampling at medium rates.
GlobalLab is a menu driven software package for high speed 
acquisition and display applications using IBM or compatible personal 
computer systems. It is easy to operate and flexible. A number of 
features are available including pre-determination of acquisition set-up 
and multi-layer macro facility for acquisition control, to be particularly 
useful. It can provide continuous gap-free data transfers up to 250 KHz 
with real time display of all channels in use. GlobalLab Statpack 
module provides basic analysis facilities such as curve viewing, editing 
and basic statistics of curves, for post acquisition quick look analysis.
5.6 Experimental Configuration
Various experimental elements have been discussed thus far. This section will discuss 
two aspects of the experiment which are important in the land mobile satellite channel 
studies. Environment is an important consideration in LMS channel characterisation 
and therefore due attention should be given to its categorisation in order to determine 
its statistical effects on link performance. The experimental procedures adopted 
during the measurement campaign will also be presented later in this section.
5.6.1 Environment Categorisation:
In land mobile satellite links, the type and nature of the surrounding environment and 
terrain is considered to have significant influence on appropriate signal availability. 
Therefore, in order to observe and analyse the extent of effects due to the
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environment at high elevation angles, it was necessary to define carefully the 
surrounding conditions under which measurements were to be made. Channel 
characterisation attempted in such a manner was expected to better reflect the grade 
of service in various LMS link conditions [5-2]. This necessitated selection of 
representative routes corresponding to typical features of an environmental category. 
Lack of any standard environmental characterisation was an added problem. 
Variations in the terrain or other specific features of the same environmental category 
in different geographical location might further complicate the issue from an 
applicability point of view.
However, a representative sample of propagation data is required for channel 
characterisation with reasonable confidence. Two approaches [5-2] may be followed:
1- Typical/Worst case database:
For each environmental category, a typical/worst case representative 
route of a few km stretch (-5-10 km) may be chosen and data collected 
for the desired geometries. This approach amounts to channel 
characterisation under well controlled conditions and should provide 
base-line information on the channel fading performance. It appears to 
be particularly useful when an alternative platform, instead of a 
satellite source is being used for signal transmission.
2- Large Area database:
This option involves channel measurements over a large area for each 
environmental category. Such a situation can be envisaged to be 
practical only when a satellite signal source is available and hence 
almost unlimited visibility is ensured at no extra cost.
Since an alternative platform, in the form of a helicopter, was going to be used for 
signal transmission during the proposed measurements, the typical/worst case 
approach was adopted for data collection as a function of the environment.
For data management and analysis purposes, the environment was divided into three 
categories:
• Suburban
• Wooded
• Open
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\1. A stretch of about 6 km along the A281 (single carriage, single 
lane) road from Guildford going south was selected as a 
representative suburban route.
2. About 7 km long stretch along a small road (Sands Road off A31, 
typically a UK B-type road, defined as generally less than 4 m 
wide) through a heavily wooded area was chosen as representative 
wooded route.
3. Similarly about 8 km along the A3 (three-lane dual carriageway) 
towards London was chosen as typically open route.
The suburban environment considered can be described as a typical English town 
suburb. The roadside trees are primarily of tall and deciduous type. The residential 
buildings along the road were generally two storey high. The distance of trees and 
buildings along some sections of the road, varied from the roadside edge from only a 
few metres to some tens of metres. However on average it was between 5-10 metres. 
Figure 5.18 shows some sections of the route used as 'suburban* environment.
The wooded environment had tree density of tall and predominantly non-deciduous 
coniferous trees much higher than those in the suburban environment described 
above. Figure 5.19 shows sections of the route used as ’wooded' environment.
The open environment considered for the measurement campaign was a dual 
carriageway with three lanes on each side. It is very similar to an open motorway in 
the UK. There was only a thin population of tall trees along some sections of the 
road. However, there are several small overhead bridges across the road. Figure 5.20 
shows sections of the route used as 'open' environment.
Since the second phase of measurements, in early spring of '92, was carried out to 
obtain a defoliage comparison, the open environment was dropped from the 
measurements as it was not considered to be seasonally dependent.
5.6.2 Experiment Procedure:
Figure 5.21 shows a typical measurement geometry during the experiments. The 
helicopter flew at an altitude of about 500 m for the majority of the measurement 
runs. Using visual tracking at the mobile, the relative position was fixed at the start of 
each run. For this purpose a point at the start of each route was selected where a clear 
line-of-sight was available. The azimuth bearing of the helicopter with respect to the
114
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Figure 5.19: Sections o f the ’Wooded’ environment route
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mobile was kept nominally constant such that maximum shadowing of LOS would 
occur by the roadside obstacles e.g., trees, buildings, utility poles etc. In other words 
the helicopter flew on the opposite side of laterally close roadside obstacles along the 
direction of vehicle motion. In each environment measurements were made at three 
elevation angles; 60°, 70° and 80°. Various elevation angles were achieved by 
varying 'R' (figure 5.21), distance between the projected helicopter position on the 
ground and the vehicle. The altitude of flight *hf was kept nominally constant using 
the altimeter in the helicopter. Variations would have occurred but their effect was 
kept to a minimum using visual tracking throughout each run. Apart from position 
fixing at the start of each run, a reference signal was acquired which was used later 
during analysis as an indication of the nominal LOS level compared to the measured 
signal levels for shadowed and/or multipath portions for each particular run.
The mobile vehicle, equipped with the receiver systems and data acquisition set-up, 
travelled on the selected routes. The average vehicle speed was maintained at around 
8 m/s. Figure 5.22 shows the helicopter and the land vehicle used in the experiment.
Visual Tracking & Elevation Angle Measurement:
The use of a helicopter implied that the measurement geometry fixed 
at the start of a measurement run would be kept as closely constant as 
possible. However, there were some perturbations and hence to ensure 
appropriate elevation angle maintenance tracking was needed. The 
variations in the elevation angle of the platform as seen at the mobile 
were mainly due to relative position variations and terrain height 
variations. The relative position variations were due to three 
dimensional jitter in the helicopter position during flight. In addition 
tracking was also required because the route on the ground was not 
necessarily a straight path.
Visual tracking is practical in applications using helicopters. In almost 
all LMS channel measurements where a helicopter was used, visual 
tracking was employed in one way or the other. This is due to the 
relatively low flight altitudes of helicopters. Normally video cameras 
on-board the helicopters were used to track the mobile on the ground. 
However, visual tracking from the helicopter using binoculars and 
radio contact has also been used successfully [5-10]. This is, however, 
not possible for high elevation angle measurement configurations. For 
this experiment a video camera was used at the mobile for tracking and 
elevation angle measurement. The camera was mounted on a specially 
prepared pedestal capable of elevation angle measurement (figure
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5.22b) and the helicopter pilot was instructed via radio link as 
necessary and position information was recorded along with other 
main data. This technique involved considerable skill on the part of the 
helicopter pilot in order to achieve the accuracy of the results. During 
most of the measurement runs tracking and elevation angle accuracy 
was maintained better than ±5°.
Vehicle Speed Measurement:
The knowledge of vehicle speed is important in the mobile 
propagation data analysis and in particular for second order statistics. 
Initially, since a hot air balloon was thought possible to be used as an 
alternative platform, it was considered necessary to monitor the vehicle 
speed due to the large variations in following a drifting balloon. 
Although during the actual campaign, the use of a helicopter 
essentially alleviated the need for such monitoring, because of the 
greater control over selection of speed and direction. Nevertheless a 
speed measurement arrangement was implemented using suitable 
sensor and processing circuitry such that the speed could be easily 
logged alongside main data using the data acquisition system.
\
A reflective opto sensor was used to monitor speed from the vehicle 
transmission system (propeller shaft). The sensor comprised of a GaAs 
infra red emitting diode and a silicon photo transistor, moulded in a 
tiny rugged package. The size and robustness of the sensor was useful 
for mounting purposes. The reflected signal was processed by the 
photo transistor and other circuitry to output dc levels corresponding to 
different vehicle speeds. Figure 5.23 shows the sensor signal 
processing circuit.
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5.6.3 Data Storage:
The signals received from the platform mounted transmitter during the experiment 
constituted the main data to be acquired for channel characterisation. Auxiliary 
information data such as elevation angle and vehicle speed also needed to be stored. 
In effect the following data were required to be stored:
In view of the multi-channel operation of the data acquisition system, the sampling 
rates needed to be carefully determined. The variations of the auxiliary channel could 
be reasonably anticipated to be slow. Therefore the sampling frequency would have to 
be determined corresponding to the fastest varying signal amongst the L, S and Ku- 
band receiver outputs. This was due to fact, as noted previously, that the data 
acquisition set-up did not allow variable sampling of different channels. The rate of 
envelope variations in any signal is dependent upon its wavelength and the mobile 
speed, and is given by [5-11]
where v is the mobile speed and X is the wavelength. It is quite clear from eq. 5.2 that 
the maximum fading rate would be experienced by Ku-band signal. The 
characteristics of anti-aliasing LPF used in the Ku-band receiver were, therefore, 
important in determining the appropriate sampling rate. The 3-dB cut-off frequency 
actually determines the maximum fading rate of a signal envelope that can be 
resolved adequately. In other words for a given 3-dB cut-off frequency, the maximum 
allowable mobile velocity is determined accordingly, and vice versa. The cut-off 
frequency (360 Hz) of Ku-band LPF implied a maximum mobile speed of just over 
10 m/s to account for variations due to all multipath components. But considering the 
elevation angles involved in this particular case the maximum vehicle velocity could 
be modified [5-11] to
• Signal Strength information
- 3 channels corresponding L, S and Ku-band receiver outputs
• Elevation angle information
• Vehicle speed
(5-2)
(5-3)
cos a
where a  is the angle of arrival in the elevation plane. This permits a maximum 
mobile speed of about 21 m/s (-45 mph) to satisfactorily account for multipath 
reflections from above 60° elevation angle for the Ku-band signal. It should be noted
that below about 55° elevation angle the antenna pattern would considerably attenuate 
any multipath component.
The choice of sampling rate was thus dependent on both the 3-dB cut-off frequency 
and the roll-off characteristics of anti-aliasing LPF [5-12] in the Ku-band receiver. 
The transition band was considered between -3 to -35 dB of the filter characteristics. 
The appropriate sampling rate chosen was 1024 samples per second, which 
corresponded to about 3 times the Ku-band filter bandwidth and about 3.5 and 6.5 
times those of S and L-band filters. It is clear that the choice of sampling rate for 
ADC during the experiment corresponded to the minimum allowed by the Nyquist 
sampling theorem [5-12] at Ku-band.
Every 120 seconds the acquired data were transferred to floppy disks, each with a 
storage capacity of 1.2 Mbytes. The software files constituted the stored channel 
response which were analysed off-line to characterise the LMS channel.
5.7 Conclusion
Various elements of the proposed mobile propagation campaign have been discussed. 
It has been noted that a thorough investigation into various non-geostationaiy orbit 
satellites resulted in reaching the conclusion that no appropriate in-orbit satellite 
existed to provide a suitable signal for this study either due to inadequate visibility, 
transmission frequency or limited dynamic range. Under such circumstances the only 
other option was to employ an alternative platform to simulate a high elevation angle 
satellite source. A small helicopter was, therefore, identified as a choice best suited to 
the requirements of this experiment The use of an alternative platform facilitated a 
greater freedom of choice of the experiment frequencies and measurement 
configuration. Therefore, signals at three different frequencies, corresponding to L, S 
and Ku-band, were simultaneously transmitted. In order to generate a representative 
sample of propagation data, and to observe the channel sensitivity to various physical 
variables, it was decided to divide the channel conditions (environment) into three 
categories; Suburban, Wooded and Open. In each environment, measurements were 
made at 60°, 70° and 80° elevation angles. Details of the communication hardware 
and other procedures adopted during the propagation measurements have also been 
discussed.
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6
Data Processing and Analysis 
Results
This chapter includes the details of statistical analysis of the channel measurements. 
The measurement campaign was undertaken in two phases: the first in the summer of 
1991 (September ’91) and the second in the early spring of 1992 (April ’92). During 
both measurement efforts identical routes and measurement procedures, as described 
in the previous chapter, were followed. The second phase measurements were 
planned in order to obtain the effect of variations in the foliage density on the 
roadside trees. During the summer measurements, the trees along the suburban and 
wooded environment routes were in full foliage. However, during the early spring the 
foliage had not fully appeared on the deciduous trees along the suburban route. It was 
approximately only 30-35% of what was during the summer time. On the other hand, 
in the wooded environment deciduous trees were only a fraction of the total tree 
density. Therefore, the overall foliage density in this case was only marginally less 
than that during the previous measurements. The open environment was not included 
during the April '92 measurements, as it was not considered to be seasonally 
dependent.
The propagation data collected during the field trials had to be pre-processed before it 
could be analysed for the desired statistics. Analysis results provide useful 
information on the channel behaviour as a function of radio-frequency, elevation 
angle and the channel conditions (environment). In the following sections the pre­
processing procedure adopted for the propagation data is presented prior to the 
analysis results.
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8.1 Pre-Processing of Propagation Data
The channel recordings stored on the disks included both the main data i.e., signal 
strength information ’at three frequencies, and the auxiliary information such as 
elevation angle and the vehicle speed. The pre-processing of data consisted of the 
following steps:
1. Separation of each frequency signal corresponding to various 
elevation angles (60°, 70° and 80°).
2. Conversion of individual signal amplitude record to power units.
3. Estimation of LOS level for each data record at each frequency.
4. Processing of each data record to obtain excess path loss, using 
estimated LOS values.
Figure 6.1 depicts the flow diagram of the pre-processing strategy.
Each raw data record was screened by graphic presentations on the PC using the 
Statpack module of GlobalLab software. This enabled the detection of any problems 
with the signal either due to acquisition or hardware malfunctioning. Such an 
approach was used deliberately in order to avoid any contamination of the database to 
be used in eventual analysis. At the same time the signal at each frequency was 
separated into the desired elevation angle (and environment) categories. -
The database, separated into appropriate frequency_elevation-angle_environment 
categories was then transferred to a SUN4 system for further faster processing, 
adequate for the size of the entire database. Processing of steps 2 through 4 was then 
undertaken by employing a sequence of C programs. Each receiver output amplitude 
was converted to power units using receiver calibration tables. Signal recordings were 
then processed for LOS level estimation, and excess loss (attenuation) values, using 
estimated LOS levels.
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Figure 6.1: Flow Diagram of Data Pre-processing
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6.1.1 Receiver Calibrations
All receivers were calibrated in the laboratory using an HP 8510A network analyser. 
Calibrations were carried out (with antennas disconnected) by injecting known 
amounts of power through step attenuators. The architecture of the receivers allowed 
output voltage variations in logarithmic fashion, in the range of 0-5 V, corresponding 
to the input power levels over a dynamic range in excess of 70 dB. Each receiver 
system was calibrated before and after the field trials. An average of these 
calibrations was used to generate a conversion table for each receiver system. The 
average calibration curves, corresponding to the above mentioned conversion tables, 
for the L, S and Ku-band receivers used in the data processing of first and second 
phase measurements are shown in figures 6.2-6.4 and figures 6.5-6.7, respectively.
-4 0-1 0 0 -8 0 60120-1 4 0
I n p u t  P o'O JG 'r ( d B m )
Figure 6.2: L-band receiver calibration curve for summer measurements
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Figure 6.3: S-band receiver calibration curve for summer measurements
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Figure 6.4: Ku-band receiver calibration curve for summer measurements
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Figure 6.5: L-band receiver calibration curve for spring measurements
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Figure 6.6: S-band receiver calibration curve for spring measurements
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Figure 6.7: Ku-band receiver calibration curve for spring measurements
The noise floor of the receivers was recorded during the actual measurements. A 180 
second record was taken of the receivers' noise floor. Each record was evaluated off­
line for the minimum, maximum and mean levels of the receiver noise. The low 
standard deviation values of the noise recordings indicated a well behaved noise floor 
for all receiver systems. For power conversion any received level in the channel 
recordings equal to or below a signal-to-noise ratio of 3-dB was discarded as 
unreliable (noisy). The mean level of noise recordings was taken as the bench mark 
for such a S/N evaluation. For L and S-band signal recordings the lower limit, as 
determined from the above algorithm, was seldom observed due to the large available 
dynamic range in the systems, whilst at Ku-band the lower limit was observed to be 
frequently violated during heavy shadowing intervals.
6.1.2 LOS Estimation
At the start of each measurement run, a 180 sec reference signal record was taken 
with the mobile in the stationary position and the helicopter hovering, after the 
desired relative geometry had been fixed. Such a reference signal served to provide an 
indication of the nominal LOS level available for a particular elevation angle run. 
However, the LOS level was subject to variations due to reasons such as the terrain 
height variations and instantaneous shift in the relative helicopter-mobile position 
causing range distance variations etc. during an actual measurement run. The effect 
on the elevation angle variations was minimised by the tracking mechanism used.
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Nevertheless the LOS variations had to be accounted for in the analysis by as accurate 
an estimation as possible. Therefore, for each 120 seconds data record LOS values 
were estimated from the signal level measurements corresponding to no shadowing 
portions of a run. In some instances an individual data record was sub-divided as 
required by the variations in the LOS, but this was experienced in very few cases.
To obtain a representative value of LOS for each data record, data over a 1 second 
interval was averaged and evaluated for its standard deviation about the Is mean. 
LOS was then estimated by taking the mean of six seconds with the lowest standard 
deviations. The standard deviations of most Is intervals under no-shadowing were 
typically less than 0.5 dB as compared to those of several dBs for shadowing 
portions. Due to the high elevation angles involved during the study, no data record 
was encountered which did not contain unshadowed signals for substantial percentage 
of time. The LOS levels corresponding to an individual data record were used to 
obtain excess loss or attenuation values for the received signals. This approach has 
been successfully used elsewhere [6-1], [6-2] in the off-line analysis of mobile 
propagation data, irrespective of the type of alternative platforms used. The inherent 
advantage of this method of LOS estimation is that it precludes the need of an 
accurate knowledge of antenna patterns, transmitted power levels, range distance and 
other losses in the system.
In figures 6.8, 6.9 and 6.10 are shown short durations of typical signal recordings 
converted to excess loss values, from the summer ’91 measurements in the suburban 
environment. The figures show brief periods of heavy shadowing due to intervening 
foliage on the roadside trees. The effect of elevation angle is self-evident even in the 
raw data presentation. It is interesting to note that although signals at all frequencies 
experience attenuation and fluctuations during the shadowing interval, these effects 
become progressively enhanced as the frequency increases. The 0 dB level is 
normalised to the LOS level.
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Figure 6.8: L-band signal time plot in Suburban environment
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Figure 6.9: S-band signal time plot in Suburban environment
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Figure 6.10: Ku-band signal time plot in Suburban environment
6.2 Data Analysis for Channel Statistics
The pre-processing of the propagation data was designed to achieve an appropriate 
form for further analysis. Obviously the major parameter of interest was the excess 
path loss as a function of radio frequency, elevation angle and the channel conditions 
(environment). A standard approach was adopted to analyse and present the statistics 
of the channel excess loss. For this purpose in almost all previous studies the 
'cumulative distribution function (CDF)’ of the data have been used to present the 
propagation results for the appropriate interpretation by the system designers. 
Therefore, analysis of the propagation data was undertaken to determine the first and 
second order statistics at each frequency, and for individual elevation angle and 
environment categories. The first order statistics involved CDFs whilst the second 
order statistics included normalised level crossing rates (LCR) and average fade 
durations (AFD).
Certain results have been omitted from presentation in the following sections where 
data was found to be corrupted or unusable due to either equipment problems or other 
reasons. The 60° run in the 'open' environment was not considered due to large
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variations in the elevation angle during that particular run. Similarly the S-band signal 
for 80° run during phase-I (Summer ’91) measurements and the Ku-band signal for 
70° run during phase-II (Spring *92) measurements, both in the wooded environment, 
were excluded from the analysis. In each case, data corruption was found during the 
initial screening due to equipment problems.
6.2.1 First Order Statistics of Propagation Data
6.2.1.1 Cumulative Frequency D istribution (CDF):
The excess loss data was analysed to generate CDFs at each frequency for various 
elevation angles and environmental conditions. This is a convenient graphical 
presentation of channel availability statistics corresponding to different attenuation 
values. Therefore it provides an indication of the fade margin requirement in a LMS 
link for a particular grade of service. The experimental configuration adopted during 
the field trials enabled sufficient data collection at each frequency so that statistically 
meaningful CDFs could be generated for each elevation angle class in each 
environment. Analysed results from the two measurement phases are presented 
separately; their important features are discussed and comparison is made on relevant 
points.
1- Phase-I Measurement Results:
Figure 6.11-6.13 show the CDFs of L, S and Ku-band measurements in 
the suburban environment as a function of elevation angle. In each 
case it can be observed that as the elevation angle increases the 
attenuation at the equiprobable level decreases. The magnitude of 
reduction is, however, dependent upon the frequency of the signal. The 
lower the frequency, the larger the difference in attenuation at higher 
path elevations. This is evident from 27%, 13.5% and 5.5% 
improvement in the attenuation levels for L, S and Ku bands, 
respectively, at 1% outage probability when the path elevation angle is 
increased from 60° to 80°. The individual CDF curves converge 
towards lower fade levels and therefore, the corresponding difference 
between different elevation angle CDFs reduces. Still greater 
advantage is demonstrated in the L-band case.
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Figure 6.11: CDF for L-band measurements in Suburban environment (Phase-1)
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Figure 6.13: CDF for Ku-band measurements in Suburban environment (Phase-I)
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Figures 6.14-6.16 show the CDFs of L, S and Ku-band measurements, 
respectively, in the 'wooded' environment at various elevation angles. 
The general characteristics are similar to those for the suburban 
environment except for the differences in the absolute attenuation 
values. In the wooded environment case, the 60° and 70° CDFs show 
that higher attenuations are experienced at these elevations as 
compared to those in the suburban environment. For example, at 1% 
outage probability, the L-band attenuation at 60° and 70° elevation 
angles, for the suburban environment are 16.5 and 13.5 dB compared 
to 18.5 and 15.5 for the wooded case. Similar observations can be 
made for S-band measurements and to some extent at Ku-band. This 
correlates well with the fact that the tree density in the wooded 
environment was greater than that in the suburban environment. The 
difference in the attenuation levels narrow down at high frequencies, 
both as a function of elevation angle and the influence of environment. 
It is significant to note that in the wooded environment a greater 
improvement is achieved when the elevation angle is increased to 80°, 
as compared to those for the suburban measurements. At 1% 
probability, the attenuations reduced by 57% and 14% for L and Ku- 
band as the elevation increased from 60° to 80°. Therefore, 
improvement in the L-band fade level is significant. This may be 
attributed to the pre-dominantly coniferous structure of the tree 
population in the wooded environment which contributed to reduced 
shadowing of the signal and hence better improvement at higher 
elevation angle. The comparison for S-band could not be made due to 
reasons described earlier.
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Figure 6.14: CDF for L-band measurements in Wooded environment (Phase-I)
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Figure 6.15: CDF for S-band measurements in Wooded environment (Phase-1)
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Figure 6.16: CDF for Ku-band measurements in Wooded environment (Phase-1)
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The CDFs for the 'open' environment measurements are shown in 
figure 6.17. In the absence of any major and frequent shadowing 
obstacles in the signal path along the road the excess loss is limited to 
only a few dB at all frequencies for the elevation angles considered. At 
1% probability, even at Ku-band the worst case attenuation i.e., at 70° 
elevation, is only about 4 dB. The corresponding values for L and S- 
band frequencies are 2.8 and 3.5 dB, respectively. Nevertheless minor 
improvements did occur when the elevation angle is increased to 80°. 
In the open environment considered, very deep fades did occur for 
very short durations due to overhead bridges. But their contribution to 
overall signal fading statistics is almost negligible. The other, but far 
less significant, scattering sources could have been occasional tree tops 
and infrequent overhead transmission lines and metal support 
structures, influencing signal variations. Their effects, however, were 
minimised due to the range of elevation angles involved and antenna 
gain functions in the elevation plane at those angles.
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Figure 6.17: CDF for the Open environment measurements {Phase-I)
Table I summarises the attenuations as a function of radio frequency, 
elevation angle and environmental 1%, 5% and 10% probability levels 
for the summer measurements.
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Suburban
(dB)
Wooded
(dB)
Open
(dB)
Freq. Prob.
(%tage)
60° 70° 80° 60° 70° 80° 70° 80°
L- 1 16.5 13.5 12.0 18.5 15.5 8.0 2.8 2.0
band 5 8.0 6.0 4.6 11.0 7.1 4.5 2.2 1.2
10 5.0 2.6 2.5 7.5 4.3 3.0 1.8 0.9
S- 1 18.5 17.0 16.0 22.5 20.5 - 3.5 2.0
band 5 9.0 8.9 8.5 13.0 10.6 - 2.6 1.6
10 6.0 6.0 6.0 8.8 6.5 - 2.0 1.4
K „ . 1 27.5 27.1 26.0 28.0 26.8 24.0 4.0 2.5
band 5 1S>.5 18.8 18.5 22.5 19.3 15.5 2.8 1.7
10 13.0 12.5 12.5 18.5 14.7 10.5 2.3 1.4
Table I: A Summary of L, S and Ku bands attenuations (Phase-!)
2- Phase-II Measurement Results:
The results of phase-II measurements actually highlight the effects of 
foliage density on the trees and their relative comparison at various 
elevation angles. The CDFs of suburban measurements are shown in 
figures 6.18-6.20.
The 60° CDFs at all frequencies are comparable to the corresponding 
CDFs from the phase-I measurements. The largest difference in 
attenuations at 60°, occur for Ku-band between summer and spring 
CDFs. At 1% outage probability, the summer attenuation level is 27.5 
dB compared to 23.7 dB for the spring value, a difference of slightly 
less than 4 dB. For the phase-II measurements, significant variation in 
the signal attenuations is observed when elevation angle increases from 
60° to 80°. Since the tree population in the suburban environment, 
considered for the study, was pre-dominantly of deciduous type 
therefore during the phase-II (spring) measurements they were in the 
early stages of foliation. The foliage density effect is demonstrated by 
the sharp reduction in the attenuation levels in the 70° and 80° CDFs at 
all frequencies when compared to respective 60° CDFs of phase-II 
measurements, and also to the corresponding CDFs of phase-I CDFs. It 
is clear from the comparison that the effect is sharper at 80°. At 1% 
level, the reduction in fades of the order of 12 dB at L (79%) and S 
(62%), and 16.4 dB (72%) at Ku-band is experienced as the elevation 
angle increases from 60° to 80°. When compared to 80° CDFs from
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Figure 6.18: CDF for L-band measurements in Suburban environment (Phase-II)
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Figure 6.19: CDF for S-band measurements in Suburban environment (Phase-II)
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Figure 6.20: CDF for Ku-band measurements in Suburban environment (Phase-II)
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phase-I results, the improvement at 1% probability stands at 74% for 
L-band, 55% for S-band and 72% for Ku-band.
The wooded environment CDFs for the phase-II measurements are 
shown in figures 6.21-6.23. It is interesting to note that the CDFs at all 
frequencies and elevation angles are comparable to the respective 
CDFs of phase-I measurements. In general, the attenuation levels are 
slightly lower in phase-II measurements, again the largest difference 
occurs at Ku-band. For example at 1% probability, the 60° CDFs from 
phase-I and II show attenuations of 28 and 24.6 dB, respectively, with 
a difference of about 3.4 dB. Similarly under identical comparison for 
the 80° CDFs, the attenuations are 24 and 20 dB for phase-I and II 
results, with a difference of 4 dB. This highlights that the fading 
character of the LMS channel is frequency sensitive. Such minor 
improvements in the wooded case as compared to large reductions for 
the suburban environment in a seasonal comparison may be attributed 
to the fact that tree population in the wooded case is pre-dominantly of 
non-deciduous type and therefore, the overall foliage density was only 
marginally different during the phase-II campaign. The comparison of 
60° CDFs from phase-II measurements in the suburban and wooded 
environments can be made on the same basis as for the phase-I 
measurements, the absolute attenuation values are higher in the latter 
case confirming the correlation with higher tree density in the wooded 
environment.
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Figure 6.23: CDF for Ku-band measurements in Wooded environment {Phase-II)
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Table II summarises attenuations as a function of frequency, 
environment and elevation angle at 1%, 5% and 10% probability levels 
for the phase-II measurements.
Suburban
(dB)
Wooded
(dB)
Freq, Prob.
(%tage)
60° 70° 80° 60° 70° 80°
L- 1 14.8 7.7 3.1 17.9 14.1 9.0
band 5 7.9 2.5 1.6 11.2 8.0 4.7
10 4.8 1.6 1.1 8.4 5.7 2.6
S- 1 18.9 12.8 7.2 20.7 16.3 14.3
band 5 10.8 4.8 1.7 12.0 11.5 9.4
10 7.6 2.3 1.2 10.1 8.5 7.0
K „ . 1 23.7 12.8 7.3 24.6 - 20.0
band 5 16.4 3.5 1.9 18.7 - 11.0
10 11.0 1.8 1.4 14.7 - 6.8
Table II: A Summary of L, S and Ku-band attenuations (Spring '92)
Conclusions and Discussion:
Some important conclusions regarding the LMS channel behaviour may be drawn 
from the results presented above.
1. As the path elevation angle to the transmitting source (satellite) 
increases, the attenuations due to shadowing and multipath from 
roadside obstacles tend to reduce.
2. In general the attenuations increase as a function of increasing 
radio frequency.
3. The effect of foliage density on the attenuation level has been 
found to be significant, particularly at high elevation angles.
4. In addition to the signal frequency, the fading character of LMS 
links is clearly dependent, to a significant extent, upon the type of 
environment.
These conclusions tend to substantiate various findings from other propagation 
experiments carried out under different terrain types, and in most cases in different
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geographical locations i.e., Europe, the United States and Australia, and at various RF 
frequencies. The results of this study provide indications on the link margin 
requirements at frequencies from L-band to Ku-band for elevation angles above 60°. 
This experiment is believed to be the first ever attempt to cover such a wide range of 
frequencies and high elevation angles simultaneously.
The reduced attenuation levels at higher elevation angles are attributed to reduced 
shadowing from the intervening structures in the direct signal path. This is effectively 
the reason for the dramatic influence of the environment on the signal statistics. In 
any environment which offers statistically more obstacles to the signal path, it is 
likely to result in adverse link quality for longer durations. At high elevation angles 
this problem reduces in many instances, thereby providing a better link availability at 
shallow fade levels. Frequency dependent behaviour of the LMS channel can be 
explained in terms of the smaller cross-sections required to obstruct and/or scatter 
energy at high frequencies [6-3]. This suggests that at higher frequencies, deeper 
fades should be expected [6-4]. Lower improvements in the link margin requirement, 
as a function of elevation angle, especially at higher frequencies may also be related 
to the physical explanation given above which manifests itself due to the random 
nature of LMS channels. Greater influence of foliage at higher elevation angles has 
also been found to exist in a study elsewhere [6-2]. Again, this may be attributed to 
the amount of blockage/attenuation experienced by the signal in its path. The results 
presented here tend to suggest that at lower elevation angles, dominant blockage is 
caused by the tree trunks and therefore foliage density is less significant. As the path 
elevation is increased in a tree shadowing environment, the situation is reversed, 
leaving foliage as the major obstacle in the signal path. This explains for the more 
pronounced effect of foliage density on the link margin requirements at higher 
elevation angles.
It is important to mention that the quantification of link margin requirements as a 
result of this study may correspond to a base-line situation. The choice of 
representative routes for various environments and the configuration of measurement 
geometry being the most important considerations in this respect. Whilst it is difficult 
to comment on the worst case scenario as far as the route choices are concerned, the 
measurement geometry adopted certainly conforms to the worst case situation. In an 
actual LMS communication link, a mobile is expected to experience a mixture of 
azimuth bearings and not necessarily the worst case scenario for all times, as 
considered here. However, circumstances akin to those adopted in this case may well 
be experienced in many instances.
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Comparison with Other Results:
Comparison with the results from other measurement campaigns is usually difficult 
due to the differences in environmental features constituting the mobile channel, even 
though they may be categorised as the same environment in a broader sense. 
However, some of the L-band measurements carried out in the United States [6-5] at 
comparable elevation angles and in similar propagation conditions agree quite well 
with the L-band results of this study. Similarly some of the recent measurements 
made at S-band for the high elevation angles in the UK under ESTEC-University of 
Bradford research project [6-6] are in reasonable agreement with the S-band results 
presented here. The degree of conformity of the results from these measurements and 
those presented here is further illustrated later. However, their earlier results at L- 
band did not compare well with those from this study. This may be due the analysis 
error detected in the Bradford L-band results.
The CCIR model for LMS applications, as discussed in Chapter 3; eq. 3.15 and 3.16, 
was modified for the Archimedes study to predict link margins at high elevation 
angles. The extensions were made without any reference to actual measurements. The 
modified model at L-band for rural/suburban application is shown in figure 6.24. 
When compared to the 'open1 environment measurements presented here, the 
agreement is surprisingly good. For example, for 1% outage probability, the modified 
model predicts a margin of about 3 dB at 70° and 2.5 dB at 80°. Whilst the 
measurement results of this study show that the corresponding values to be 2.8 and 
2.0 dB (Table I), respectively.
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6.2.2 Second Order Statistics of Propagation Data
The channel data was further analysed to evaluate second order statistics. Normalised 
level crossing rate (LCD) and average fade duration (ADF) statistics were 
determined. Whilst the first order statistics such as cumulative frequency distributions 
(CDFs) provide valuable information on link availability, the second order 
parameters, LCRs and ADFs, are considered useful in communication sub-system 
design, e.g., in the choice of modulation and coding techniques. LCR and ADF 
statistics are compared as a function of frequency, elevation angle, environment and 
foliage density.
6.2.2.1 Normalised Level Crossing Rate:
The level crossing rate is defined as the average number of times per second the 
signal envelope fluctuates across a specified level, R, in the positive direction. 
Mathematically it can be expressed as [6-7]
signal envelope, r.
When time is normalised to distance using mobile velocity, in terms of wavelength, 
the LCR indicates number of level crossings per wavelength. The algorithm to 
evaluate normalised LCR adopted by Butterworth [6-8] was used and implemented 
through a C program. Figures 6.25-6.26 show normalised level crossing rate curves 
for the suburban and wooded environments, respectively, of phase-I measurements. 
Similarly figures 6.27-6.28 show the corresponding LCRs of phase-II campaign.
o
where p(R,r) is the joint probability density function of R and the time derivative of
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Figure 6.28: Normalised LCR for Wooded environment (Phase-II)
The following points of interest may be noted from the above figures:
1. In all cases the normalised LCR peaks occur near 0 dB level 
indicating the presence of the LOS signal. It, therefore, suggests 
that a Rician distributed process would dominate near 0 dB fade 
levels. Similar results has been found in certain instances in studies 
carried out by Hess [6-9].
2. On either side of the LCR peaks, level crossings are generally 
depressed (low). This suggests that the signal level remains near 
LOS most of the time, however, fluctuations occur at a greater rate 
indicating the presence of diffuse scattering.
3. LCRs are dependent upon frequency, elevation angle and 
environment to some extent. Crossing rates are generally higher at 
lower frequencies.
The higher rates of level crossing near the LOS signal level may suggest that in an 
LMS communication system, the receiver should be able to equalise the channel gain 
(loss) fluctuations in order to maintain the link quality, especially for voice 
applications.
6.2.2.2 Normalised Average Fade Duration:
The average fade duration (ADF) below a specified level, R, can be determined from 
the relationship [6-7]
of d = Pr°b[r<R] (6.2)
N(R)
prob[r < R] can be found from the corresponding CDF at the appropriate signal level, 
R, and N(R) is the corresponding level crossing rate. Normalised ADF would indicate 
the expected fade durations in terms of wavelengths.
The normalised average fade duration curves for phase-I measurements in the 
suburban and wooded environments are shown in figures 6.29-6.30, respectively. The 
corresponding ADFs for phase-II measurements are shown in figures 6.31-6.32.
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The results may be summarised as follows:
1. Fade durations are dependent upon the elevation angle. The 
higher the elevation angle, the lower the fade durations.
2. Fade durations are frequency dependent. At high frequencies 
deeper fade are experienced for longer durations.
3. In general longer fades occur in situations of frequent blockage, 
e.g., 60° curves of phase-II measurements in the suburban 
environment compared to 80°, where greatest effect of foliage 
density was observed in the first order statistics as well. Fade 
durations are generally higher for the wooded case as compared 
to those in the suburban environment.
The knowledge of fade durations is important in order to determine the optimum 
signal modulation, forward error correction (FEC) coding techniques and appropriate 
data rates for digital systems. This information may prove significant in designing the 
protocols for setting-up communication links in an LMS system.
It is appropriate to point out that the signal sampling frequency, employed for ADC, 
is an important consideration in interpreting second order statistics [6-10]. In general 
rapid sampling of the received signal is required to determine the second order 
statistics at deep fades with greater statistical confidence. The sampling frequency 
used in the data acquisition system of this experiment was a trade-off (as discussed in 
the previous chapter), resulting in a choice just above the minimum required by the 
sampling theorem for the highest experiment frequency at Ku-band. Even for the 
signals at L and S bands, the sampling rate was not sufficient to provide valid second 
order statistics for fades deeper than 10 dB with sufficient reliability. Therefore, care 
must be taken in interpreting such statistics beyond this nominal level, as indicated by 
the dotted vertical line in all curves for LCRs and ADFs.
6.3 Empirical Fading Model for Suburban Applications
It has been shown that the fading characteristics of the LMS channel are statistically 
dependent upon a number of variables such as operating frequency, path elevation 
angle, environment and foliage density. Shadowing of the LOS signal by the roadside 
obstacles in an LMS link play an important part in this respect. Therefore, the 
significance of environment cannot be neglected. In this study the measurements were 
made in three different environments namely, suburban, wooded and open. The 
wooded and open environments were, in effect, the boundary cases as far as the 
amount of LOS shadowing is concerned. The suburban environment, as may be
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expected, was an intermediate situation, and therefore, it should represent an average 
channel condition. From a system designer's point of view, it is important to consider 
link reliability under average conditions. Based on the results of this study a 
regression model has, therefore, been developed which calculates link margin 
requirement for a particular link availability as function of frequency and elevation 
angle, applicable to average channel conditions, considered as the suburban 
environment in this case.
The model, Empirical Fading Model (EFM), is given by
M = fl • ln(P) + C (6.3)
where M= Link margin (dB)
P= Outage probability (%) 
and at C are regression coefficients.
a = 0.029 - 0 - 0 .1 8 2 - /-  6.315 
C = -O.129-0+1.483*/ + 21.374
0= elevation angle (deg) 60° <6<  80° 
and f= frequency (GHz) 1 .3 < /<  10.4
It is important to mention that the model is applicable for the following parameter 
ranges:
20 > P > 1 from L to S-band frequencies
and 10 > P > 1 from S to Ku-band frequencies
This model fits well with the full foliage measurements. In all cases the standard error 
of the estimate, which is the measure of deviation between values calculated by the 
model and actual measurement values, is less than 1.4 dB. In figure 6.33 a 
comparison of the EFM predictions at L-band for 60° elevation angle is made with
the corresponding measurements of this study and those made by Vogel et.al. [6-5;
Route 295 south at L-band for 60°] in the United States. The model exhibits excellent 
agreement with these measurements.
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Figure 6.33: Comparison of EFM with measurement results at L-band (60°)
Similarly figure 6.34 presents a comparison of S-band attenuations at 60° and 80° as 
predicted by EFM and, those of this study and the recent ESTEC-Bradford campaign. 
The environment for which the Bradford measurements were made is described as the 
one in which intermediate shadowing of the LOS was experienced due to roadside 
trees. EFM is in very good agreement with the results of our study and shows 
reasonable conformity with the Bradford measurements. The agreement between the 
model and the Bradford measurements in the range 2-5% outage probability is good 
for both elevation angles. Elsewhere the difference between the model and Bradford 
measurements is larger.
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A comparison of the model with our measurements and those from elsewhere would 
indicate the general applicability of the model proposed herein. Although the EFM 
provides limited insight into the actual propagation mechanism of the signal through a 
mobile channel, it is useful in planning link margins for LMS applications. The main 
advantage comes from its applicability over a wide frequency range at high elevation 
angles.
6.4 Conclusion
Results of multiband propagation measurements for the LMS channel, applicable to 
high elevation paths, have been presented in this chapter. It has been demonstrated 
that in an LMS link, shadowing of the LOS signal is the most severe degradation 
adversely affecting the link reliability. However, at high elevation angles this problem 
reduces to manageable proportions. The results also highlight the importance of the 
environment and the operating frequency in the planning of LMS services. Useful 
second order statistics, normalised level crossing rate and average fade duration, have 
also been presented. LCR and AFD curves indicate Rician distributed signal, instead 
of Rayleigh, in all cases. Finally an empirical model, EFM, has been presented which 
is suitable for channel conditions where average amount of LOS shadowing is 
encountered. The model is applicable over a wide frequency range (1.3-10.4 GHz) to 
determine link margins for LMS systems, at elevation angles above 60°.
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7Conclusion and Further Work
The main aim of this study was to characterise the LMS channel at high elevation 
angles and for frequency bands of current and likely future applications. During the 
initial phase, the main task was to investigate the feasibility of carrying out channel 
measurements, both narrowband and wideband, and identify the satellite source(s) 
appropriate for this purpose. In addition, a complete study for the system of channel 
measurements was involved to suggest the procedures to be adopted during such a 
measurement campaign to include all possible physical variables important in the 
analysis of channel fading performance.
To examine the suitability of a satellite source, the most important consideration was 
its visibility at high elevation angles, typically above 55°. Such a situation is 
impossible with the geostationary orbit satellites in the United Kingdom or anywhere 
in the mainland Europe. Alternatively, therefore, several non-geostationary orbit 
satellites were studied. These satellites were examined for their high elevation angle 
visibility and duration of such visibility, signal frequency, bandwidth and available 
power. It was, however, found that no appropriate satellite signal was available for 
narrowband measurements and only two satellites could be identified for wideband 
measurements. Both had signals in L-band. Therefore the use of an alternative 
platform, which could reasonably simulate a high elevation angle satellite, was 
recommended for the propagation experiment of this nature. Such a choice was based 
on the knowledge that many different LMS channel measurements had been made 
using this approach.
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The system study for the experiment was divided into the definition of experimental 
configuration and communication sub-systems. The experimental configuration 
involved the determination of experiment frequencies, choice of an appropriate 
alternative platform and environment categorisation, and identification of any 
possible limitations related to these choices. Certain frequency bands, such as L, S, C, 
Ku and Ka bands, were identified with a view to include a frequency from each band 
for the measurements. Regulatory aspects were studied and necessary actions were 
pointed out. For the alternative platform, after careful consideration, it was decided to 
use a helicopter during the measurement campaign. It was anticipated that a 
helicopter would provide much more flexibility in planning the measurements as well 
as achieving the desired elevation angles. The need to satisfactorily categorise the 
channel conditions was recognised in order to analyse channel sensitivity. However a 
standard definition was lacking which essentially indicated that choices were wide 
open. The study into suitable communication sub-systems for propagation 
measurements of this nature outlined certain requirements, both for narrowband and 
wideband applications, in terms of frequency standards, receiver architectures, 
antenna types etc. Data acquisition and its storage were also considered and 
recommendations for appropriate systems were made.
The second phase of this research involved implementation of the system and actual 
measurement campaign. At this stage, it was decided to carry on with the narrowband 
measurements as part of the work reported in this thesis. The final choice of 
frequency bands were made and L, S and Ku bands were identified as a result. 
Communication hardware at appropriate frequencies, as authorised by the 
Radiocommunications Agency (RA) of DTI, was implemented and tested for its 
operation and suitability in the mobile environment. The channel conditions were 
divided into three categories; suburban, wooded and open environments, and 
representative routes were identified. In all cases measurements were made at 60°, 
70° and 80° elevation angles. To obtain a seasonal comparison, primarily due to the 
reduced foliage on deciduous trees, measurements were carried out in two phases. 
The phase-I measurements were carried out in the summer (September ’91) when the 
trees were in foliage, whilst the phase-II measurements took place in early spring 
(April ’92). The data from these measurements was analysed to generate first and 
second order statistics which provide information on the LMS channel fading 
character as a function of elevation angle, frequency and environment. The channel 
data has facilitated the development of an easy-to-use model which predicts link 
margins for LMS systems.
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The major achievements of this work can be summarised as:
• Confirmation of the LMS channel dependency on the path 
elevation angle
• Assessment of the link margin requirements for the LMS systems 
as a function of radio frequency
• The extent of LMS channel sensitivity, and hence fade level 
variations, to different channel conditions
• Development of an empirical channel model which incorporates 
the elevation angle and radio frequency
Future work on signal propagation in the LMS channel may be divided into two parts:
1. Further analysis of the existing database
2. Multiband wideband measurements
The existing database can be further analysed to develop interesting channel 
statistics. The data may be processed to generate fade and non-fade 
distributions for various fade thresholds. In addition, channel variations can be 
used to estimate link availability in system simulations analysing access and 
call set-up protocols. However, the most interesting and important 
development can be to estimate channel parameters to fit the Lutz model.
The next logical step, as far as channel measurements are concerned, is to 
carry out wideband sounding of the LMS channel at various elevation angles. 
The inclusion of more than one RF frequencies will add to the novelty of such 
a campaign. The outcome of wideband measurements will provide all the 
necessary information on the channel behaviour. Wideband characterisation is 
applicable to many of the future services likely to be provided by the mobile 
satellite systems which include satellite sound broadcasting. Code division 
multiple access (CDMA) is likely to be the chosen access scheme of future 
mobile satellite systems. The optimisation of such schemes in mobile satellite 
applications would require wideband channel data.
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